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These  Proceedii^s  contain  the  nejority  of  the  papers  presented 
at  the  First  Military  Pyrotechnics  Seminar. 

The  purpose  of  the  seminar  was  primarily  t}iat  of  encouraging  a 
free  and  lively  exchange  of  information  and  viewpoints  by  the  part¬ 
icipants  and  the  promotion  of  a  more  scientific  approach  to  the  solution 
of  pyrotechnic  problems.  The  solicitation  of  the  opinions  of  interested 
and  qualified  persons  regarding  professional  courses  in  ordnance 
engineering  were  also  objectives. 

Uuriqg  the  week  of  August  12th,  1968,  approximately  sixty-five 
representatives  of  commercial,  govenment  and  private  organizations 
interested  in  military  pyrotechnics  attended  the  seminar  at  Estes 
Park,  Colorado.  The  seminar  was  sponsored  by  tJie  Meclianics  Division, 
Denver  Research  Institute,  University  of  Denver,  Denver,  Colorado  80210, 
and  enthusiastically  sipported  and  aided  Ijy  the  Concepts  Development 
Division,  Research  and  Development  Department,  U,  S.  Naval  Amnunition 
Depot,  Crane,  Indiana  47522. 

The  success  of  the  seminar  was  due  in  large  measure  to  those  who 
presented  tlie  papers  that  are  contained  in  these  Proceedings.  It 
is  hoped  that  an  even  larger  nunber  of  papers  of  equal  c^iality  will 
become  available  for  the  next  seminar.  Those  wish  to  participate 
are  urged  to  conmmicate  the  title  and  a  brief  abstract  of  proposed 
papers  to  Mr.  R.  M,  Blunt,  Denver  Research  Institute. 


It  is  a  pleasure  to  acknowledge  tiie  invaluable  assistance  of  Mr, 
Ralph  Williams  of  D.  R.  I.  during  tlie  seminar.  Mr.  B.  Uouda 
of  the  U.  S.  Naval  Amminition  Depot  and  Mr.  William  S.  Cronk^  Ft. 

Walton  Beach,  Florida  were  instmnental  in  the  promotion  of  the  seminar 
during  many  hours  of  discussion  in  1966-67.  Sincere  tlianks  are  also 
due  the  chairmen  of  the  several  sessions  who  so  ably  directed  the 
discussion  periods. 
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fJBO  RESEABCH 


AREAS  FDR  FURTHER  EXPLORATORY  LBVELOPMarr 
J.  T.  Haurick 

Aero«p«ce  Research  Corporation 
Roanoke,  Virginia 


The  Infomatlon  presented  herein  is  based  on  work  perfonsed  by  a 
tem  coaposed  of  persoonel  froa  Ordnance  Research  Inc.;  The  University  of 
MinuRsota;  Thlokol  Cbeaical  Cozporatioo;  Hollins  College;  John  D.  Stanlts, 
consultant;  and  beaded  by  Aerospace  Research  Corporation  under  U.S.  Air 
Force  Oontract  FD6633*^7*(^'^^^«  ^  vork  vas  adslnlstered  under  the  . 

Illmlnatlon  Bran^,  Ta^ts  and  Missiles  DiTlsion,  Air  Force  Amanents 
laboratory,  IgUn  Air  Force  Base,  Florida.  Mr.  La^  W.  Moran  is  Project 
Engineer  for  the  AnsMents  Laboratory. 


iHTOOniCTIO!? 


There  are  aereral  areas  vbich,  after  study  of  the  eiploratory  develop- 
sent  vark  by  aeiiberB  of  the  Aerospace  Research  Corporation  tesa  and  others 
during  the  past  year,  suhsit  to  further  analysis  and.  eraluatloo.  It  Is  aost 
apparent  froa  this  study  that  the  jxterdependence  of  paraaeters  Is  such  that 
isolation  of  the  Tarlables  Is  a  very  difficult  task  and  Is  possibly  the  most 
severe  of  the  probleaui  encountered.  It  is  likely  as  a  result  of  this  work 
and  the  work  of  others  that  aost,  if  not  all,  of  the  relevant  violables  have 
bean  detenslned.  It  is  shown  by  the  results  that  although  the  assiaoption  of 
a  given  set  of  equlllbrlta  conditions  in  the  flare  pluaw  allows  fruitful 
treataent  of  asay  of  the  peoaneters,  a  state  of  overall  equllibriua  does  not 
exist  sod  s  group  of  superlap<Med  subaechaniaas  probably  are  responsible  for 
a  significant  asount,  if  not  aost,  of  the  light  production. 

It  is  the  objective  in  Ujks  following  psges  to  discuss  the  nature  of  the 
light  producing  aechanisas  in  view  of  the  work  done  in  this  prograa  and  that 
referenced.  These  are,  in  order,  teaperature  aeasureaents  sod  correlation 
with  intensity,  analysis  of  particle  behavior  in  the  pluae,  effects 

of  asgDsslua  particle  sise,  effect  of  velocities  of  particles  in  the  pluae, 
effect  of  the  surrounding  gaseous  aediuB,«ffect  of  flare  diawter  variation, 
hinder  fonaulatioos,  and  caee  effects.  It  aust  be  eaiphasised  that  the  con¬ 
clusions  reached  la  these  analyses  are  tentative.  In  aany  of  the  analyses 
the  data  are  Insdeipiate  either  to  prove  or  disprove  the  conclusions  reached, 
but  an  attagpt  has  beeu  aade  to  provide  a  sound  base  for  planning  of  further 


eaqperlaentatian  and  study. 


Temperature  Measurements  and  Correlation  with  Lun)i.nou3  Intensity  -  For  most  of 
the  plumes  shown  in  figure  1  the  point  of  maximum  luminous  intensity  is  approx¬ 
imately  3  inches  from  the  burning  face  of  the  flare  along  the  flare  centerline. 
The  temperature  as  measured  by  thermocouple  for  all  flares  at  this  three  inch 
point  varied  from  approximately  2200  to  2700® F.  Only  for  AeReCo  863  flares 
was  this  the  point  of  maximum  temperature.  That  the  maximum  luminous  Intensity 
point  does  not  necessarily  occur  at  the  point  of  maximum  average  temperature 
may  possibly  be  explained  by  the  results  obtained  at  the  University  of  Minnesota 
for  which  nwiximum  temperatures  of  2700  to  2900° K  (4400  to  4760° F)  at  wavelengths 
of  5800  to  6000  k  were  detected  by  spectrometer.  The  existence  of  these  temper¬ 
atures  within  the  plume  which  are  so  high  above  the  computed  equilibrium  temper¬ 
ature  indicates  continued  sporadic  combustion  of  magnesium  throughout  the  plume. 
Inasmuch  as  the  thermocouple  temperature  measurements  were  made  within  a  chamber 
in  which  there  was  only  nitrogen  or  argon,  whereas  the  isolation  from  air  was 
not  so  complete  with  the  Ordnance  Research  and  University  of  Minnesota  exnerl- 
ments,  comparisons  of  1'»mlnous  intensity  with  temperature  away  from  the  maximum 
IvHclnous  intensity  point  are  less  meaningful  than  near  it.  The  fact  that  at 
Ordnance  Research  the  flares  were  burned  in  a  downward  facing  position  whereas 
the  thermocouple  measuretsents  were  made  with  flares  burning  lu  an  upward  facing 
poaltion  probably  makes  little  difference  near  the  maximum  luminous  Intensity 
point  in  view  of  the  apparent  constancy  of  that  position  with  varying  flare 
coepoaitians. 

If  for  the  upward  facing  flares,  particles  of  magnesium  were  ejected  as 
they  were  with  the  downward  facing  flares  as  observed  at  the  IMiverslty  of 
Minnesota  a  substantial  amount  of  sodium  nitrate  must  have  slso  been  ejected, 
at  least  for  flares  containing  60  and  68  percent  magneslimi.  This  statement  is 
based  on  the  fact  that  the  maximum  tea?>eratures  as  measured  by  thermocouple 
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were  in  such  close  agreeioent  with  the  coiaputed  equilibrium  temperature. 

The  aodlum  nitrate,  with  Ita  low  decoisq>osltion  temperature  (716° F)  would  * 

rapidly  decompose  in  the  plume  and  immediately  react  with  the  surrounding 
magnesium  vapor  which  is  greatly  in  excess.  Ihis  could  account  for  the  high  * 

temperatures  observed  by  spectrometer  and  may  also  explain  the  higher  illumi¬ 
nation  intensity  with  the  large  magnesium  excess.  Further  discussion  of  this 
effect  is  provided  in  the  next  subsection  on  analysis  of  particle  behavior, 

Analyala  of  Particle  Behavior  in  the  Plume  -  As  conjectured  in  the  previous 

\ 

section,  the  ejection  of  particles  of  magnesium  into  the  plutae  may  be  accom¬ 
panied  by  substantial  amounts  of  sodium  nitrate.  It  can  be  logically  supposed 
that  the  magnesium  particle  leaves  the  flare  surface  coated  with  molten  sodium 
nitrate  which  upon  evaporating  and  deccmqtosing  cools  the  magnesium  particle 
and  reacts  more  readily  with  the  surrounding  magnesium  vapor  than  with  the 

t 

solid  particle.  Ihe  foregoing  analysis  is  based  upon  the  assumption  that 
adequate  otelting  of  the  sodium  nitrate  (melting  point  584® P)  and  binder  at  the 
flare  surface  occurs  to  allow  the  particles  of  solid  magnesium  (melting  point 
1204° F)  to  float  in  the  liquid  sodium  nitrate  in  the  case  of  upward  burning 
flares.  In  the  case  of  downward  burning  flares,  magnesium  probably  would  tend 
to  fall  but  may  be  held  to  some  extent  by  surface  tension.  Thus,  the  size 
and  quantity  of  the  magnesium  particles  as  well  as  the  orientation  of  the  flares 
would  have  a  significant  effect  upon  flare  performance.  It  is  highly  probab^le 
that  some  of  the  larger  magnesium  particles  are  forcefully  unseated  by  the  ^ 

melting  and  decoiiq>o8ltlan  of  confined  sodium  nitrate  and  binder  in  which  the 
particles  are  embedded. 

If  the  foregoing  analysis  is  correct  the  probability  of  the  computed  equi¬ 
librium  temperature  equalling  that  measured  by  thermocouple  in  the  plume  of  a 
downward  burning  flare  is  lower  chan  for  an  upward  burning  flare.  This  is  an 
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area  which  requires  further  investigatiou  as  it  may  hold  the  key  to  particle 

else  aelectiou  as  well  as  s  clear  understanding  of  the  combustion  mechanisms. 

Effects  of  ^gneaiua  Particle  Siae  -  In  view  of  the  foregoing  analysis  there 

is  good  indication  that  Che  burning  Kchanisms  are  such  that  not  only  the 

average  sire  but  the  combinations  of  magnesium  particle  sizes  may  be  very 

ingtortant.  Currently,  production  flares  utilize  granulations  specified  by 

MIL  P-14067  and  primarily  Type  1  magnesium,  30/50  nominal  mesh  size.  Hie 

particle  size  is  nominally  350  ±  50  microns.  If  the  light  producing  mechanism 

is  enhanced  by  particles  of  magnesium  being  dispersed  through  the  pTdme  then 

the  magnesium  particles  serve  at  least  three  functions;  (1)  Initial  ccmbustlon 

with  oxidizer  to  form  the  basic  plume,  (2)  formation  of  magnesium  vapor  which 

reacts  with  the  oxidizer  as  it  is  dispersed  throughout  the  plume,  and  (3)  as 

carriers  of  the  molten  sodium  nitrate  during  ejection  through  the  plume.  These 

three  separate  functions  might  be  carried  out  most  efficiently  by  providing 

three  (or  more)  particle  sizes,  one  idilch  would  control  burning  rate,  another 

forqiatlon  of  magnesium  vapor,  and  another  particle  dispersal,  IJius,  the  30/50 

magnesium  which  contains  a  maximum  of  5  percent  of  particles  of  a  size  less 

than  149  microns  may  be  inefficient  for  some  functions  which  it  performs.  For 

example,  if  large  particles  are  required  for  provision  of  highest  illumination 

*(1) 

efficiency  as  Indicated  by  Plcatlnny  results  and  small  particles  are  required 
for  highest  bum  rate,  then  a  mix  of  350  micron  and  22  micron  particles  might 
provide  the  desired  bum  rate  and  a  higher  luminous  efficiency.  Indeed,  a  larger 
average  particle  size  than  350  microns  in  combination  with  the  22  micron  par¬ 
ticles  could  prove  even  more  effective.  If  the  oxidizer  melts  on  the  burning 
surface  of  the  flare,  it  can  be  assumed  that  oxidizer  particle  size  would  not 

significantly  affect  flare  performance.  This  assumption  is  given  some  support 

(2) 

by  the  results  of  tests  reported  by  Ordnance  Research  Inc.  on  cast  flares. 


*lliuiabtr*  In  parentheses  refer  to  list  of  references  at  end  of  paper. 


Hieir  results  show  that  increasing  sodium  perchlorate  particle  size  from  100/200 
mesh  to  325  mesh  did  not  change  flare  bum  rate  or  perfonsance.  Ihe  results 
are  not  conclusive,  however,  because  of  the  partial  solubility  of  the  sodium 
perchlorate  in  the  binder.  The  degree  of  abscuration  of  oxidizer  particle 
size  was  not  reported. 

A  second  factor  to  consider  with  regard  to  the  results  reported  by  Ordnance 

Research  Inc.  is  that  best  luminous  efficiencies  were  obtained  with  a  one  to 

one  ratio  of  magnesium  and  oxidizer.  This  may  have  resulted  from  the  magnesium 

particle  size  chosen  which  was  limited  to  a  maximum  of  200  microns.  In  the 

(1) 

Plcatinny  results  pressed  flare  particle  size  did  not  appear  to  be  a  factor 
between  performances  of  ,62  and  1.35  inch  diameter  flares  for  particle  sizes 
at  or  below  200  microns.  Further,  it  was  shown  by  Ordnance  Research  Inc,  that 
with  a  350  micron  average  particle  size  the  maximum  luminous  efficiency  was 
57,400  candle-seconds  per  gram  for  a  one  inch  pressed  flare  with  68  percent 
magnesium.  This  luminous  efficiency  was  determined  with  the  same  EG&G  580 

I 

radiometer  system  that  was  used  to  measure  the  luminous  efficiencies  of  the 

(3) 

3.2  and  4.0  loch  diasieCer  cast  flares  made  by  Ordnance  Research  Inc.  and 
smntioned  previously  and  for  Which  the  maximum  luminous  efficiencies  were  51000 
casdlaseconds  per  gram.  On  the  basis  of  a  68  percent  maghesium  pressed  flare  and 
comparisons  of  thermochemical  computations  at  4000* F  the  maximum  luminous  efficiency 
for  the  cast  flare  could  occur  with  a  48  percent  magnesium,  37  percent  oxldlter, 
and  15  percent  binder  ratio  if  NIL  P-14067,  30/50  magnesium  particle  size  were 
used.  Ibis,  of  course,  is  based  on  the  assusption  that  the  particle  ejection 
mechanism  theory  is  correct.  It  should  be  noted  that  the  bom  rates  of  the  cast 
flares  are  in  the  4  to  5  inch  per  minute  range  which  is  approximately  the  sane  as 
for  the  68  percent  magnesium  30/50  particle  size  flares.  The  asnont  of  magnesium 
gas  in  the  plume  is  only  slightly  less  for  the  cast  flare  than  for  the  pressed  flare, 
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but  it  ba5  not  been  detezBlned  if  the  velocitiei  in  the  two  plunes  were  siollar. 
Perhape  clues  to  the  effects  of  particle  sites  can  be  obtained  by  considerii^ 
the  velocities  of  particles  within  the  plune. 

Effect  of  Velocities  of  Particles  Within  the  Pluae  -  It  is  indicated  by  the 

results  of  caqputatlo*;^  using  the  aatheBatical  aodel^  figures  Z  and  ^ 

residence  time  (which  is  a  sieasure  of  velocity)  of  a  particle  at  least  within 

a  radius  of  one  hedf  of  the  flare  dissieter  in  the  pluse  is  not  greatly  affected 

by  fadl  rate.  Bxperiaentally  this  appears  to  be  true  not  only  with  differing 

counter  flows  but  also  for  flares  with  the  sese  nagnesiuB  particle  sise  and 

varying  percents  of  nagneslua,  an  observation  which  is  baaed  on  the  constancy 

of  the  — luninous  intensity  position  evident  in  figure  1.  Hhere  is  SCM 

indication  that  loiter  residence  tlae,  which  is  assuand  to  be  in  soae  degree 

synonynous  with  low  bum  rate,  provides  higher  luninous  efficiency.  This  is 

( l) 

generally  supported  by  the  PlcaUnny  resulU,  but  is  not  supported  by  the 
Ordnance  Itesearch  results  in  which  the  bum  rate  decreases  with  decreasing 
BHignesiua  content  below  6o  percent  along  with  a  decrease  in  IvKinous  efficiency. 
There  is  indication  in  the  Picatl-^  results  that  higher  velocities  generated  by 
thick  walled  casings  aay  have  contributed  to  conditions  in  .62  inch  casing 
disweters  which  resulted  in  the  tme  low  luaincus  efficiency  with  30/^  aag- 
oesiUB  as  was  obtained  with  50/IOO  aagnesiiss.  As  the  casing  dlsneUr  was 
increased  to  I.33  inches,  the  30/50  systcsi  was  superior  to  the  50/100  systoa. 
jt  is  ss sissr  1  that  the  slower  bum  through  of  the  thicker  casing  resulted  in 
a  rla  which  caused  a  Jet  effect  in  the  .62  inch  casing  and  thus  higher  vslocltl-i 
occurred  in  the  plitne.  The  Jet  effect  is  not  the  only  factor  involved  as  will 
be  discussed  in  a  subse4{uent  section  but  it  is  clear  that  particle  sise  effect# 
and  study  of  these  effects  wlU  re<julre  carefully  contioUed  conditions  Including 
type  and  thickness  of  inhibitor  as  well  as  exact  siting  of  particles.  Factors 
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related  to  the  probleu  that  aagr  be  encountered  in  aiJBilAted  fall  mtee  aa  well 
aa  Ijhe  ourrouadli^  aediuB  are  dlacueaed  in  the  followii^  aectio). 

Effect  of  Surroundina  Qaaeoua  Mediv  >  It  baa  been  indicated  tiiat  the  edge 
effect  oo  the  bumii^  pliae  aurface  ahould  be  aubjected  to  further  theoretical 
.atudy.  thia  ahould  be  extended  to  include  ewaluatioo  of  a  ria  aiaulating  the 
caaii^  which  producea  the  Jet.  It  haa  been  indicated  by  Blackahear  that  pro- 
ducii^  the  Jet  effect  enhancea  pliaae  aixiqg  with  air,  cauaing  lower  flare 
efficiency. 

If  thla  tbeaia  ia  correct  then  the  lower  Uilnoua  intenaitiea  obtained 
with  nitrogen  aa  reported  by  Ordnance  Reaearcb  are  readily  explained.  Ihe 
fXarea  burned  in  air  experienced  no  counter  relocitiee  (other  than  thoee  due  to 
coowecUon)  aa  the  air  waa  not  beii«  ejected  upward  aa  waa  the  nltrofen.  One 
coaae«aence  of  Increaaed  nixing  of  the  plin»  with  aurroundlng  air  la  provided 
by  conparing  the  flrat  four  AeBeCo  06o  flarea  in  figu^  Ihree  of  the  flarea 
860-1,  860-2,  and  860-3  were  aubjected  to  croaa  winda  and  the  reeulting  plwea 
were  analler  vhe"  the  pl\»e  for  Uie  flare  86o-b  for  which  there  waa  no  croaa 
wind,  for  the  868  and  860  fUree  burned  in  nitrogen  it  appeara  that  nixing  of 
air  with  the  nltrogao  in  the  edge  of  the  plinn  reeuited  In  ecattered  burning 
of  nagnealvni  (and  perhi^e  eo41«)  in  the  lower  velocity  oxygen- lean  nlxture, 
with  coneeguent  broader  plunee  than  thoee  for  still  air.  Ihe  pltaea  for  the 
AaReOo  855  and  8»I5  flame  were  analler  and  apparently  edeguately  enveloped  by 
the  nitrofen  to  prevent  this  broadening,  of  flares  in  a  eUll  nitrogen 

mirnmstmf  as  weU  aa  In  coonterflow  air  and  nitrogeD  alnoepberes  will  have  to 
be  performed  to  check  the  validity  of  the  forefolog  tentative  explanaUoo.  In 
the  future  the  upward  flowing  colunne  of  air  and  nitrogen  abcntid  be  large 
•sough  to  preclude  effects  on  the  plaii  due  to  nixlag  or  elo^rtng  down  of  gases 
in  the  coll*  due  to  the  eurroundlog  sir.  Ihe  resulU  of  such  teste  are  a 
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accessary  laput  for  opt.'jU.Elag  flare  fedi  rate.  For  ex«q?le>  the  average 
lxad.Doua  efflcleocy  for  all  flares  subjected  to  upward  flowing  nitrogen  was 
93  percent  of  those  In  still  air.  If  a  slsillar  reduction  should  be  e:q>erlenced 
with  upward  flowii^  air,  a  close  exasiinatlon  of  fall  rates  is  in  order.  Such 
an  examination  should  Include  the  effect  of  varying  the  flare  diameter.  A 
discussion  of  diameter  effects  is  included  in  the  following  section. 

Effects  of  Diamster  Variation  -  It  has  been  pointed  out  by  Stanits  that 

for  a  given  value  of  time  ratio  at  a  giver  point  in  the  flow  field  (see  figure 
2  and  3),  the  larger  the  flare  radius  and  the  lower  the  burning  rate  the  longer 
the  time  that  the  fluid  particle  hM  existed  in  the  plume.  He  concluded  that 
if  a  longer  time  in  the  plume  results  in  lower  particle  temperature,  it  can  be 
concluded  that  the  luminosity  per  unit  ares  of  burning  surface  is  higher  for 
smaller  diameter  flares.  Blacksbear  has  shown  that  radiation  properties  of  a 
30  percent  MgO,  10  percent  sodium  mixture  are  such  that  the  efficacy  of  the 
mixture  dn^s  rapidly  as  the  body  of  gas  thickens.  He  has  also  shown  that  the 
cQOlli«  rate  of  the  mixU're  is  more  than  1C  tisace  as  great  at  3500°K  (58^0°?) 
as  it  is  at  2000««:  (3l40Or.)  Both  of  tliese  factors  support  the  thesis  that  a 
loiter  particle  residence  time  in  the  plume  reduces  its  luminous  output,  for 
although  the  plume  constituents  auiy  block  l«ioou8  radiation  they  do  wjt 
necessarily  block  Infrared  radiation  which  plays  a  large  part  in  particle 
cooling.  Ihus,  by  the  time  a  particle  has  moved  thrtxigh  the  optically  thick 
portion  of  the  plume  It  may  have  cooled  to  a  temperature  at  which  it  is  a 
much  less  effective  llluaioant  than  it  would  have  been  in  an  optically  thin 
Uiit  analysis  is  baaed  on  the  assumptloo  that  the  hot  particle  is 
generated  i»ear  the  flare  surface,  and  that  the  smallest  dimeter  flare  would 
provide  the  highest  luminous  efficiency.  It  has  been  demonstrated  that  tbls 
is  not  the  case,  which  gives  further  support  to  the  sssissptlon  that  oxlditer 
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is  e.^-scted  into  the  plutae  ^ere  it  burns  with  Bisgoesiun  vapor.  It  should  be 
eaph'^ized  that  this  in  no  vajr  ij^qpairs  the  usefulness  of  the  conclusions  re> 
garding  particle  residence  tiatc  or  the  results  obtained  by  Blackshear.  However, 
it  does  suggest  that  arrival  at  the  optlaium  flare  diameter  will  require  inclu¬ 
sion  of  the  path  length  of  the  ejected  particles  as  a  contributir^  function 
auid  that  tbs  originating  point  of  the  hot  particle  must  be  clearly  defined. 

Sane  lafomation  relevant  to  this  problem  may  be  drawn  froa  the  results  obtained 

(1) 

by  Picatlmiy.  For  thir.  cased  flares  using  22  cJLcron  magnesium,  the  I.33  inch 
diameter  flares  were  slightly  less  efficient  than  the  0.62  inch  diameter  flares. 
'j£he  same  is  true  for  the  flares  in  idiich  200  micron  magnesium  was  used.  However, 
for  the  flares  using  35O  micron  magnesivan  there  was  a  thirty  percent  increase 
in  luminous  efficiency  in  going  to  the  laiger  diameter.  'Hie  size  of  this  change 
is  such  as  to  preclude  the  Jet  effect  and  mixing  as  the  dominant  factors  and  to 
suggest  that  an  additional  light-producing  meolianism  was  introduced  with  the 
increased  dlejteter.  A  plausible  explanation  is  that  the  ejected  particles  of 
oxldlter  left  the  plume  of  the  0.62  inch  diameter  flare  before  deccmposlng 
sufficiently  to  bum  completely  with  the  magnesium  vapor  whereas  in  the  I.33 
inch  diameter  flare  there  vas  adequate  time  to  coaplete  the  process.  Further 
tests  to  detennlne  the  flare  and  plume  diameter  at  which  the  maximum  rate  of 
drop  in  luminous  efficiency  occurs  might  supply  soae  clue  as  to  the  UBture  of 
the  change  in  mecharJams.  Luminous  efficiencies  for  va-ring  diameters 
magnesium  percentages  have  been  obtained  at  Crane  HAD,  Ordnance  Research,  and 
PlcatiniQf.  ^  An  attempt  was  made  to  integrate  all  of  their  renults  in  order  to 
provide  greater  comprehensiveness,  but  this  was  not  possible  due  to  differences 
In  formulations,  processing  methods,  particle  sizes,  inhibitors,  and  light 
measuring  techniques.  Ihis  is  eaq>ha8lzed  by  results  in  which  the  luminous 
efficiency  equal  to  57,400  candle-seconds  per  gram  for  the  68  percent  magneslmn 
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flare  burued  In  air  at  Ordnance  iieaearch  exceeds  the  aaxliaum  of  46,000  candle- 
seconds  per  grm  for  a  4.2[;|  inch  diaaeter  flare  tested  at  NAO  Crauae.  As  the 
fonnulatlons  and  oagneslua  particle  sizes  are  identical  the  major  difference 
appears  to  be  in  the  luminosity  meaisuring  system.  IHiis  does  not  impeilr  the 
'usefulness  of  the  data  derived  from  a  given  system  but  emphasizes  the  precar¬ 
iousness  of  ccnparing  data  obtained  in  different  experiments  of  this  kind. 

(4) 

With  this  In  view  an  analysis  of  the  results  using  a  single  system  frcm  HAD 
Crane  by  Douda  et  ed  was  att«apted.  Douda  shows  that  the  efficiency  of  ^O/^O 
magnesium,  sodium  nitrate,  Lnolnac  flares  Incresises  with  diameter  up  to  approx¬ 
imately  4.25  Inches.  Above  this  diaoieter  the  luminous  efficiency  drops  off 
rapidly.  For  cost  flare  compositions  he  shows  that  the  efficle acy  continues 
dropping  to  between  SOOO  and  10,000  candle-seconds  per  gram  depending  upon  the 
binder  system  and  remains  constant  for  diameters  above  85>proximateiy  I5  inches. 
It  Is  indicated  by  these  results  that  the  mechanism  involving  particle  ejection 
is  more  effective  with  increase  in  flare  diameter  to  approximat'?ly  four  inches 
for  the  30/50  magnesium,  sodium  nitrate.  Laminae  system.  In  plumes  If  flares 
of  the  same  cotnposition  above  that  diameter  the  increasing  optical  thLckness 


of  the  plume  with  diameter  causes  an  observed  fall  off  in  luminous  efficiency^ 
until  finally  most  of  the  illumination  is  provided  by  gray  body  radiation  frcm 
the  luminous  cloud  of  magnesium  oxide  particles.  It  is  estimated  by  Blackshear 
that  extinction  lengths  in  MgO  clouds  ore  approximately  lO'^  cm  at  the  D-« lines 
and  60  cm  away  frcm  ttie  Uplines.  With  flares  from  which  a  great  deal  of 
illumination  is  derived  from  D-llne  radiation,  this  would  require  that  oxidation 
of  the  magnesium  vapor  and  heating  of  the  sodium  vapor  take  place  on  the  fringes 
of  tlie  plume.  It  is  indicated  from  Picatinny  data  that  the  optimum  path  length 
of  the  sodium  nitrate  particles  probably  far  exceeds  two  inches  for  the  flares 
tested  there.  The  sizes  of  the  plumes  were  not  given  for  those  tests,  but 
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baaed  on  the  results  of  figure  1,  a  four-inch  disweter  pressed  flare  would 
exhibit  a  plpme  on  the  order  of  4o  inches  in  diaaeter^  and  60  inches  hl^^ 
which  places  the  optiKura  path  length  of  the  oxidlser  particles  at  approxiaately 
twenty  inches,  a  distance  which  %fould  regjuire  approxinately  one  second  tc 
traverse.  Without  erqw risen tal  evidence  to  the  contrary  it  is  assumed  at  liile 
point  tiiat  unused  sodium  nitrate  escaped  frcn  the  plume  for  flare  diameters 
below  4.2^  inches  and  that  the  optical  thickness  of  the  plime  caused  bioek^e 
of  a  great  deal  of  the  radiation  for  the  7*35  inch  diameter  flaresi-  For  cast 
flares  exceeding  13  inches  in  dlamener  the  projected  plume  else  would  be  on 
the  order  of  100  inches  in  diameter  by  175  inches  high  based  on  the  plume  sises 
obtained  at  Ordnance  Research  Inc.  The  plume  radius  of  50  Inches  exceeds  the 
20  inch  optimum  by  approximately  30  inches  (76  cm.)  This  exceeds  by  16  cm  the 
optical  path  length  of  60  cm  as  coeluted  by  Blacksbear.  If  the  foregoli^ 
sxuO^eis  Is  correct,  it  erqplains  irtiy  the  luminous  efficiency  levels  out  above 
15  inches  for  cast  flares.  It  also  demonstrates  that  plume  size  rather  than 
flATC.  diameter  determines  the  luminous  efficiency.  Therefore,  the  optimum  flare 
diameter  will  vary  with  flare  conposition  and  processing  methods.  If  the 
ejection  theory  is  correct,  a  study  of  the  rate  of  rise  and  decline  in  luminous 
efficiency  with  varying  diameter  for  various  magnesium  ratios  and  for  different 
particle  size  coaiblnations  may  provide  the  baaia  for  a  more  ccmplete  understanding 
of  the  light  producing  raechaniams.  Aa  ejection  of  particlea  can  be  greatly 
affected  by  the  type  and  percentage  of  binder,  the  merlta  of  different  binder 
ayateme  might  also  be  more  eaaily  evaluated  by  auch  a  study.  Both  the  binder 
and  the  inhibitor  (or  casing)  present  problems  that  have  been  evaluated  to  soam 
extent  in  the  past.  The  problems  involved  are  discussed  briefly  in  the  next  two 

sections. 
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Bipter  Foasalatlgog  •>  With  presaed  flA»8  the  percent  of  binder  regnired  is 
approxlBstely  ceie  fourth  of  that  regulred  for  casting  because  coosolidatloe  of 
ingredients  depends  upon  both  binder  and  pressure.  However,  production  prohlsss 
anticipated  with  laige  flares  using  available  presses  has  led  to  experimentation 
with  casting  of  flares.  The  binders  used  in  both  pressed  er4d  cast  flares  are 
usually  relatively  lov  viscosity  liquids  idxich  polyaerixe  upon  addition  of 
chealeals  that  croas  llidi  the  binder  mlecules.  Binders  which  contain  fluoro* 
carbons  nay  be  better  because  they  are  oxldlsere.  However,  it  is  not  known  bow 
they  will  behave  with  regard  to  ejection  into  the  plune  or  as  llluBlnsats.  Both 
msgnesiun  and  sodiuB  fluorides  are  stable  at  high  tenperatures  and  their  behavior 
as  iUumlnants  is  not  well  known.  Binders  that  are  oxygenated  and  ^also  dissolve 
the  oxidizers  have  been  investigated  at  Ordnance  Research  Inc.,  but  piinary 
esyphasis  was  placed  upon  physical  integrity  rather  than  upon  the  effect  on 

(3) 

burning  mechanisms.  Ibe  results  obtained  at  Ordnance  Research  Inc.  show  rapidly 
decreasing  luminous  efficiency  with  increase  in  binder  content.  Ihe  amount  of 
decrease  appears  to  be  much  in  excess  of  what  would  be  ejected  from  the  decrease 
in  fuel  and  oxidizer  due  to  displacement  by  the  binder.  This  could  be  due  to 
effects  on  the  ejection  mechanism.  It  baa  already  been  stated  under;  the  dis¬ 
cussion  of  particle  size  that  the  luminous  efficiency  might  be  increased  by 
lntzx)ducing  a  larger  average  magnesium  particle  size.  Just  how  the  increased 
binder. content  might  affect  ejection  and  other  aechanlaas  is  not  known.  The 
effects  of  such  factors  as  meltirg  point  of  the  binder  versus  that  of  the 
oxidizer,  heat  transfer  coefficient  of  the  binder,  and  oxidizer  dilution  may 
be  significant  and  should  be  evaluated. 

CasiM  Sffects  -  The  rim  effect  and  experimental  results  Obtained  with  ebanglng 
inhibitor  thickness  have  already  been  mentioned.  However,  there  are  a  few 
additional  remarks  ngsrding  effects  of  the  casing  upon  performance.  If  the 
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fonMtion  of  a  rla  is  boMfleisl,  for  onapls^  in  iavortod  turningy  ttea  tte 
inblbitor  naierisl  thouU  bs  so  deslfDod  ss  to  fon  the  optinun  rin  height. 

It  is  coneeiThble,  hoveTer,  that  if  the  rin  were  burned  off  so  as  to  present  a 
rounded  edge,  the  ejeetioo  of  particles  with  a  large  radial  eonpooent  outward 
could  occur  which  could  be  hltftljr  beneficial.  Siere  are  asthods  of  designing 
such  itibibitors  such  as  by  ^  use  of  aetals,  binders  partially  loaded  with 
oxidiser,  or  eonhinatioos  of  the  two.  As  prerlously  indicated  a  theoretical 
evaluation  of  the  flow  around  the  rin  should  be  incorporated  into  the  study 
of  the  edge  effect. 
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In  tha  pncfraM  puraued  In  tbe  pact  paar  by  the  Aerocpaca  Reaaardi  Gotporatlon 
ta«i  and  othera  scat.  If  not  all«  of  the  velsTaat  v^vlabl/«a  hate  been  identified. 

Ib  provide  aore  definitive  infonaatioo  about  theee  varlablea,  the  following 
reconaendatlona  are  aade: 


1.  The  ■atheaatieal  aodel  ahoold  be  aodified  to  Inrlnde  aore  detailed  Infor- 


aatioo  about  the  flow  pattern  at  the  edg^  or  corner  of  the  bumiag  flare 


aurfaee  including  the  rla  vhldb  is  left  by  the  flare  cuing  or  inhibitor. 


2.  The  coaputatiooe  for  tbe  natbeaaticca  aodel  ahould  be  enpanded  to  Inclnde 


density  variatlou,  beat  exchuge'  in  turbulent  alodng  of  the  pluee  geaee  * 
with  air  cooliiv  of  the  flar^)  plme  due  to  heat  radiation,  and  enthalpy 
dletribution.  ‘ 

3*  Temperature  aeaaurwaentfc  with  thetKocoaplee  chould  be  aide  in  aagneelua- 
aodlua  nitrate  flarea  ip  to  at  leut  fcnr  indies  in  diaaeter.  These  flaret 
should  incorporate  a  range  of  negnesiue  particle  elsee. 


b.  A  study  of  particle  hietoiy  should  be  aade  froa  tbe  tiae  the  particle 
Itirginff  to  heat  up  oo  tbe  flare  aurfaee  until  it  leaevee  tbe  plune.  This 
iyii«wi  aovlee  of  action  oo  the  flare  surface,  aovleB  of  the  plow. 


and  apeetroscopic  aeaeiiTuarnte  for  flares  herring  both  uall  particles 
and  a  alxture  of  agaU  end  large  nagneeiua  parUcle  siaee.  The 
apeetroscopic  neaeureaente  in  thia  cau  sbculd  be  prlaarily  ecocemed 
with  desorption  broadening  end  tedmiguee  of  derivation  of  teaperatare 


froa  aodlua  doUhlet  broadeaiag. 

5.  Lulnoaity  dlstrlbutioa  in  pluaea  of  one  inch  disaetar  flaree  in  etlll 

air  wd  nltrogan  u  veU  aa  in  oouater  flow  air  and  aitrogm  ahould  be 

Obtained  for  flaree  containing  both  asell  and  a  alxture  of  mall  and 

Urge  aagmsliai  parade  elaes.  laelaoue  dietrlbuUon  shonlA  also  be 

21 


t 


obtained  In  plunse  of  flares  to  at  leaa^  four  Inchee  in  diaaeter  in 
■till  air. 


6*  Sipeetral  diitrllnitloQ  in  the  plme  ihould  be  detemined  by  oeana  of  a 
■cannii^  ^pectroaeter.  Ihis  voull  provide  Identification  of  the  cheaical 
speclec  and  possibly  their  teaperature  in  direct  association  wi^  ^ir 
luainous  Intensity. 
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ABSTRACT 

A  promising  castable,  polymer- fueled  red  smoke  compo¬ 
sition  has  been  aeveloped.  This  mix  is  a  suitable  replace¬ 
ment  for  the  pressed  composition  used  in  munitions  such  as 
the  M-18  grenade,  or  the  XM-I68  smoke  signal. 

The  program  involved  developing  and  optimizing  pyro¬ 
technic  formulations  based  on  epoxy  and  polysulfide  resins. 

It  was  shown  that  a  significant  improvement  can  be  achieved 
by  using  a  large  particle  size  red  dye. 

These  formulations  exhibit  high  burning  rates  and  are 
not  suitable  for  the  internal-burning  M-I8  grenade.  They 
were  tested  in  an  end-burning  configuration,  however,  and 
appeared  promising.  It  was  also  shown  that  the  burning 
rate  of  these  formulations  can  be  adjusted  over  a  wide  range 
by  using  different  particle  sizes  of  oxidizer. 

Application  of  the  improved  castable  red  smoke  formu¬ 
lations  to  the  small  .XM-I6H  munition  was  studied  with 
favorable  results.  A  3-^  fold  variation  in  burning  rate 
was  produced  by  changes  in  composition  of  the  binder  and 
mix. 

Physical  properties  of  the  polymer-based  items  are 
superior  to  those  of  the  pressed  items.  Likewise,  safety 
tests  on  the  polymer-fueled  forraulatlonG  indicated  a  marked 
improvement  in  impact  sensitivity,  and  a  very  high  safety 
level  for  the  uncured  mix. 

I.  INTRODUCTION 

This  papfer  presents  the  results  of  a  program  to  develop 
castable  or  cxtrudable  pyrotechnic  formulations  for  the  ther¬ 
mal  dissemination  of  colored  smoke.  The  advantages  of  these 
formulations  over  the  conventional  pressed  grains  are  in¬ 
creased  cafety,  ease  cf  prccesbing,  improved  economics,  and 
wider  applicalility . 


*'^his  work  was 
Do  ve  r ,  .  J  • 


Army  Munitions  Conanand, 
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In  order  to  be  useful,  the  formulations  developed  should 
have  the  properties  of  curing  at  room  or  slightly  elevated 
temperature  to  a  tough,  strong  grain  which  will  maintain  its 
shape  and  performance  under  surveillance  at  JO°C.  Ttie  goal 
also  has  been  to  produce  an  easily  ignited,  reproducible, 
smooth  burning  formulation,  which  will  yield  a  colored  smoke 
of  a  quality  comparable  to  that  of  current  pressed-graln 
standard  formulations. 

II.  FEASIBILITY  STUDIES 

A  screening  program  showed  epoxy  resins  to  be  most  ver¬ 
satile  and  promising  as  fuel  binders.  Dow  CX-2679,  an  aro¬ 
matic,  sulfide-containing  epoxy,  proved  a  highly  desirable 
binder  when  copolymerized  with  the  polysulfide  resin  LP-3 
(Thlokol  Chemical  Co.).  Glycerine  diglycidyl  ether  (GDGHE) 
also  showed  utility  as  a  copolymer.  Butyl  glycldyl  ether 
(BGE),  added  as  a  reactive  diluent,  increased  the  castabil- 
ity,  but  interfered  with  curing  if  present  above  a  certain 
quantity.  The  tertiary  amine  catalyst,  behzyldlmethylamlne 
(BDMA),  was  selected  for  this  system. 

Several  promising  formulations  based  on  MAAQ-D  (dextri- 
nized  methylaminoanthraquinone  red  dye),  KCIO3, CX-2679, 

LP-3,  GDGE,  BGE,  and  BDMA  were  subjected  to  more  intensive 
study,  arid  evaluation  in  full-scale  M-lS  munitions.  Results 
were  encouraging  for  Formulation  #285,  shown  in  Table  I. 

Table  I 


Composition  t.-id  Properties  of 
Formulation  No.  SH5 


_ Par^eter _ 

TSmposition,  wi.  % 

M4AQ^ 

KCIO5 
CX-2t)79. 1 
LP-3 
GDGE 
BDMA 


Castabillty,  ops. 
Process  Lire,  cps 
mln.'XT. } 
Combustion  Rate, 


In.  / sec. 
Efficiency,  ^ 

Vlel^  T 


F'ormulat ion  No.  28^ 

4o.O 
30.0 
12.9 
3.6 
3.5 
10.  i 

1.2  X  10* 

4.S  X  10* 


0.0145 

75-80 

25-27 


Methylaminoanthraquinone, 
15^  dextrin. 


I 


I 


i 

1 
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This  formulation  is  non-flaming  and  efficient,  producing 
a  burning  time  and  quality  of  sm.oke  equivalent  to  that  of  the 
standard  M-l8.  Its  shortcomings  are  limited  processing  life, 
and  high  initial  viscosity.  Because  the  primary  limitations 
of  No.  288  center  about  processability,  formulation  develop¬ 
ment  efforts  vere  directed  toward  lowering  viscosity  and  ex¬ 
tending  pot  life. 

III.  FORMULATION  DE\?ELO?MENT  AND  PROCESS  STUDIES 
A.  GRANULAR  MAAQ 


Substitution  of  a  large  particle  size  MAAQ  for  the  fine 
particle  size  dextrinized  MAAQ  markedly  improves  castabillty 
and  processability.  The  effectiveness  of  the  reduced  surface 
area  of  granular  MAAQ  is  Illustrated  in  Table  II. 

Table  II 


Effects  of  MAAQ  Particle  Size  on 
~Troc'e's'sability  and  Combustion 


Effect 

Formulation  No.  285 

Formulation  No.  023 

Vise.,  cps. 

Fine 

Go  arse 

Fine 

Coarse 

Initial 

1.2  X  10® 

23,800 

V.  High 

10  -  20,000 

15  min. 

52,000 

Rapid 

30  min. 

75,250 

exo¬ 

43  min. 

93,750 

therm 

60  min. 

243,550 

and 

75  min. 

486,750 

curing 

90  min.  1 

3.2  X  10® 

>1  X  10® 

>1  X  10® 

Combustion 

} 

in, /sec. 

0.0143 

0.016 

0.036 

0.080 

Flaming 

No 

No 

Yes 

No 

Efflc..  ^ 

75-80 

80. 

• 

0 

00 

A 

>80. 

field,  ^ 

25-27 

30-32 

30 

38. 

The  dependence  of  Initial  viscosity  on  minimal  solids 
surface  area  is  apparent.  There  is  also  a  gain  in  proces¬ 
sing  life,  probably  due  to  the  lower  initial  viscosity  and 
perhaps  improved  heat  tiansfer  in  the  resin.  An  additional 
desirable  effect  is  that  of  Increased  yields,  resulting 
from  the  use  of  pure  MAAQ. 
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Substitution  of  granular  MAAQ  for  powdered  dextrinized 
MAAQ  resu.lts  in  combustion  rate  acceleration.  However,  be¬ 
cause  of  the  processing  advantages  gained  by  the  use  of  large 
particle  size  granular  MAAQ,  it  has  been  employed  in  all  sub¬ 
sequent  fomulation  studies. 

_ BINDER  STtJDIES 

Because  critical  formulation  properties,  such  as  vis¬ 
cosity,  processing  life,  rate  and  extent  of  curing,  physical 
pi*opeVtles,  surveillance  behavior,  and  combustion  properties, 
are  a  fijnction  of  binder  composition,  a  study  was  undertaken 
to  investigate  and  optimize  the  effects  of  each  binder  com¬ 
ponent  in  Formulation  No.  285. 

Tlie  results  are  portrayed  in  Figures  1  through  5*  Fig¬ 
ure  1  shows  that  improvements  in  initial  mix  viscosity  can 
be  obtained  by  minimizjng  CX -2679.1  and  increasing  GDGE  con¬ 
tent.  Pot  life  was  also  foijnd  to  be  improved  by  lowering 
the  CX -2679.1  content  of  the  binder.  In  Figure  1,  a  viscos¬ 
ity  of  over  1,000,000  cps.  was  obtained  for  the  composition 
represented  by  point  A  after  90  minutes  of  mixing.  This 
viscosity  level  was  reached  after  45  minutes  for  ecmposition 
B  and  75“minutes  for  0,  On  the  other  hand,  composition  D 
reached  only  17^000  cps.  in  90  minutes. 

The  combustion  rate  and  dye  yield  are  shown  in  Figures 
2  and  5.  An  increase  in  burning  rate  accompanies  the  re¬ 
duction  in  CX-2679.1  content.  A  rate  of  O.089  in. /sec.  is 
reached  with  elimination  of  CX-2679.1.  Standard  M-I8  com¬ 
bustion  rates  range  from  0.012  to  O.OI8  in. /sec.  Dye  yield, 
the  weight  of  dye  disseminated  per  100  g.  of  fomulation, 
remains  relatively  unaffected  by  the  binder  variaxlons  ex¬ 
perienced  in  these  studies.  Because  of  the  adverse  effect 
of  CX-2679.1  on  pot  life  and  mix  viscosity,  this  material 
was  eliminated  as  a  binder  component. 

Continuing  studies  of  the  binder  system,  using  neat 
binders,  revealed  the  data  represented  in  Figure  4,  which 
shows  the  viscosity  after  40  minutes  at  25°C.  At  high  BDMA 
levels,  the  excess  curing  agent  tends  to  separate,  result¬ 
ing  in  a  heterogeneous  mix.  Rapid  gelation  occurs  at  high 
LP-5  levels.  Only  the  area  of  high  GDGE  content  proved 
worthy  of  further  investigation.  Extended  exposures  were 
conducted  at  yO^C.  of  the  compositions  represented  by  points 
A,  B,  and  C  in  Figure  4.  For  composition  A,  viscosity  in¬ 
crease  failed  to  materialize,  indicating  insufficient  catalyst. 
At  points  B  and  C  useful  processing  possibilities  were  ex¬ 
hibited.  After  6  hours  at  25‘'C.,  viscosity  increased  only 
slightly  to  20,000  cps.;  however,  an  additional  1-2  hours 
at  70°C.  resulted  in  a  firm  gel. 
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g.  2  -  Rate  of  Combustion  (in. /sec. ) 
as  a  Function  of  Binder  Composition 
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A  formulation  designated  No.  157,  shown  In  Table  III, 
was  chdsen,  based  upon  binder  ratios  suggested  by  this  study, 
llils  composition  displayed  desirable  castablllty,  adequate 
processing  life,  and  a  rapid  cure  at  elevated  temperature. 

Table  III 


Parameters 


MAAQ  (Granulated) 

KCIO3 

GDGE 

LP-5 

BEMA 


Viscosity  (inlt.),  cps. 
Processing  Life 


Curabllitj 


Combustion, 

Time,  sec./25  gm. 
Rate,  in. /sec. 


Formulation  No.  157 

45.5 

27.3 

15.1 

3.0 

9.1 

47,000 

>2  hr.  ®  R.T. 

<6  hr.  ®  70“C. 

34 

0.024 


Since  adequate  processability  is  available  from  the 
GD(2E/LP-3/BDMA  binder,  particularly  If  controlled  low  tem¬ 
perature  mixing  is  used,  most  of  the  remaining  effort  was 
directed  toward  combustion  control, 

C.  OPTIMIZATION  STUDIES 

To  Increase  the  versatility  of  the  system,  efforts 
were  initiated  to  tailor  the  combustion  rate  of  formulations 
based  on  the  LP-3/GEDGE/BDMA  binder-fuel  system,  while  main¬ 
taining  processability.  This  Involved  optimizing  complete 
formulations,  with  the  primary  variables  being  MAAQ,  KCIO3, 
and  binder  content. 

The  composition  area  for  combustion  rates  equivalent  to 
the  standard  Internal  biumlng  M-I8  grenades,  0.014  in. /sec. 
proved  quite  limited,  as  shown  in  Figure  5-  At  high  dye 
and  low  binder  concentrations  it  is  not  possible  to  maintain 
processability.  Low  oxidizer  content  is  conducive  to  low 
pressure,  inefficient  combustion.  As  a  result  of  these  In¬ 
vestigations,  It  appears  that,  using  the  1:1:1  LP-3/(H)CSE/BDMA 
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Fig.  5  ”  Combustion  Rate  (in. /sec.) 
as  a  Function  of  Foraulatlon  Composition 
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binder  system,  it  Is  not  possible  to  attain  simultaneously 
processability,  efficiency,  and  a  combustion  rata  suitable 
for  tHe  internal  burning  M-l8  grenade. 

1.  End-Burning  M-l8  Configuration 

An  end-burning  configuration  would  be  advantageous  for 
the  M-18  grenade.  With  this  in  mind*  formulations  were 
selected  on  the  basis  of  combustion  rates,  euid  end-burning 
M-18  munitions  were  nrepared.  Flaming  was  prevented  by 
substituting  four  l/k"  exhaust  smoke  openings  for  the 
single  1/2"  hole  of  the  standard  M-I8.  "Filtering,"  or 
production  of  pale  smoke  in  latter  phases  of  the  combus¬ 
tion,  was  no  worse  than  for  the  standard  M-I8  munition. 

Two  formulations  representing  different  burning  rates 
are  shown  in  Table  IV.  Duplicate  items  were  fired  emd  com¬ 
pared  directly  with  standard  M-I8  munitions.  At  this  time 
the  end-burning  grain  configuration  for  M-I8  application 
appears  promising.  Additional  features,  such  as  loading 
and  curing  without  a  mandrel,  and  greater  loading  per  unit 
volume,  contribute  to  its  desirability. 

Table  IV 

Composition  and  Properties  of 
End-Burning  Item's 


Formulation 


Parameter 

No.  023 

No.  055 

Composition,  Wt.  ^ 

NAAQ  (granulated) 

45 

50 

KCIO3 

25 

25 

LP-5 

10 

6.65 

gdob 

10 

10 

BDNA 

10 

8,35 

Viscosity,  cps. 

■  Tnlllal 

13,500 

17,000 

90  minutes 

<500,000 

<750,000 

Processing  Life 

<6  hr,  •  TO^C. 

<6  hr.  •  70*C. 

Combustion,  25  g.  grain 

Time,  sec. 

10-12 

17-20 

Rate,  in. /sec. 

0.073 

0.045 

Efficiency,  % 

80 

86 

yieiar  % 

>?2 

>4o 

Combustion,  M-io  size 

IPlme,  sec. 

49 

Rate,  in. /sec. 

0.076 

0.048 

Flaming 

No 

No 

34 


2 .  XM-168  Configuration 

Efrorts  were  directed  at  investigating  the  applicabil¬ 
ity  of  castable,  curable  pyrotechnic  systems  to  the  small 
XM-168  red  ground  smoke  signal.  Because  this  Is  an  end- 
bumlng  munition  that  bums  In  an  overall  time  of  approxi¬ 
mately  20-350  seconds,  the  castable  formulations  appear  well 
suited  for  this  application. 

Three  different  values  of  burning  time  were  set  as 
goals  for  the  XM-168  application:  11  seconds,  23  seconds, 
and  3^  seconds. 

The  approach  taken  was  to  meet  these  rate  requirements 
in  two  different  ways}  first, by  manipulation  of  the  compo¬ 
sition  of  the  formulations}  and, second, by  varying  KCIO3 
particle  size.  The  formulations,  shown  in  Table  V,  were 
selected  to  meet  the  required  combustion  rates,  and  a  series 
of  tests  was  conducted  on  units  containing  the  selected 
formulations. 


Table  V 


Formulations 

Selected 

for  XM-168 

f^ormulation 

Parameter 

055 

Composition^  Wt.  % 

MAAQ  (Granulated) 

45 

50 

45.47 

KClOg 

25 

25 

27.27 

LP-3 

10 

6.65 

3.04 

Ca}GE 

10 

10 

15.12 

BDMA 

10 

8.35 

9.10 

Combustion  Time, sec 

11.0 

23.0 

34.0 

a.  Flaming  Tendencies 

Initial  firings  of  several  formulations,  using  XM-168 
hardware,  revealed  a  distinct  tendency  toward  flaming. 

This  was  completely  overcome  by  reducing  the  diameter  of  the 
exhaust  opening  from  3/8”  diameter  to  1/^”  diameter. 

b.  Reproducibility  of  Functioning 

Multiple  firings  of  Formulation  Nos.  023,  055,  and  157 
showed  reproducible  color  quality,  and  an  average  deviation 
of  about  lOJ^  in  burning  time. 
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V 


c.  Effect  of  Cure  Time  on  Functioning 

The  relationship  of  curing  time  to  munition  functioning 
behavior  was  studied.  The  data  Indicate  that  optimum  cure 
can  be  achieved  in  two  hours  or  less  at  70®C.,  and  that  ef¬ 
fects  of  further  curing  on  combustion  behavior  are  minor. 

d.  High  and  Low  Temperature  Firings 

To  test  the  effect  of  temperature  on  functioning  behav¬ 
ior,  munitions  were  tested  at  -4o®C.  and  +50“C.  The  items 
were  stored  at  the  desired  temperature  long  enough  to  insure 
a  uniform  temperature,  removed  from  the  oven  or  cold  box, 
and  fired  immediately.  The  tests  at  +50“C.  showed  no  ap- 
preAd-able  difference  from  ambient.  The  tests  at  -4o®C. 
showed  a  marked  rate  reduction  for  Nos.  023  and  055.  A 
standard  XM-168  functioned  equally  at  ambient  outdoor, 
+50“C.,  emd  -4o°C.  temperatures. 

e.  KClOa  Particle  Size  Effects 

The  effect  of  KCIO3  particle  size  on  combustion  was  in¬ 
vestigated,  as  shown  in  Figure  6.  Oxidizers  of  varied 
average  particle  size  were  obtained  by  blending  a  coarse 
screened  fraction  (100-150  u)  with  MII-P-I50B,  Grade  B, 

Class  7  (72.5^  through  325  mesh).  It  can  be  seen  that  a 
wide  rauige  of  burning  rates  can  be  obtained  for  a  single 
pyrotechnic  composition  by  selection  of  the  oxidizer 
particle  size. 

f.  Flame  Arresting  Screens 

The  use  of  copper  screen  for  flame  arresting  was  in¬ 
vestigated,  and  proved  successful.  In  these  experiments, 
the  exhaust  port  was  covered  with  a  grid  of  copper  screen. 
Mesh  sizes  20,  40,  50,  and  00  were  tested,  with  good  ’•e- 
sults. 

g.  Caaeless  Munitions 

A  "caseless"  miinltion  configuration  was  produced  by 
foming  a  small  hole  in  the  center  of  a  cured  pellet. 

The  case  was  formed  by  dipping  and  painting  the  entire 
pellet  with  a  flame  inhibiting  polymeric  coating.  After 
the  coating  was  dry,  ignltacord  was  fitted  the  cen¬ 

ter  opening.  First-fire  was  not  used.  A  24-g.  pellet 
and  a  130-g.  pellet  were  prepared  and  studied.  Upon  func¬ 
tioning,  the  smaller  munition  showed  flaming  for  a  fraction 
of  a  second,  then  functioned  smoothly  for  7. 5-^. 5  sec. 
Clouds  were  a  dense,  highly  colored  red  smoke.  The  130-g. 
unit  displayed  no  flaming,  and  burned  for  66  sec.,  yield¬ 
ing  a  dense,  high  quality  smoke. 
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Fig.  6  -  Effect  of  KCIO3  Particle 
Size  on  Combustion  Rate 
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D.  PHYSICAL  PROPERTIES,  SAFETY.  AW)  nURW.IT.T.ANCE 
_ £l f ical  Propertle s 

Pre3.imlnary  examination  of  tlit  physical  properties 
of  the  cured  compositions  vit.H  conducted.  Grain  haniness 
was  determined  by  the  Shore  Durometer  test  at  25  and  8o"'C. 
Tj'pe  A  Shore  Durometer  values  of  55-93  were  obtained. 

There  is  every  indication  that  the  physical  properties  of 
these  formulations  are  fully  adequate,  both  at  ambient  and 
elevated  storage  tempera  cures. 

2.  Safety 

Sensitivity  tests  were  conducted  on  cured  grains  of 
Formulations  023,  055,  and  157,  as  well  as  the  M-l8  stan¬ 
dard  pressed  mix.  Using  the  Olin  Drop  Weight  Tester-, 
cured  specimens  of  grains  representing  Formulations  Off, 
055,  and  157  were  tested  and  none  exploded  at  the  niaximum 
test  level  of  300  kg.  cm. 

All  these  castable  systeL;S  are  less  sensiti.'e  than 
the  Standard  M-l8  mix,  which  yields  an  E50  to  lu’.  level 
explosion  of  220  kg.  cm.  Experience  has  shown  *hat  the 
uncured  polymer-based  pyrotechnic  mix  will  be  I-fcss  sen¬ 
sitive  than  the  cured  formulations. 

3.  Surveillance 

Sufficient  25-g.  munitions  were  i-cupared  and  cured  6 
hours  at  7^°C.  for  triplicate  stabllitv  and  sur-velllance 
studies  of  Formulations  Nos.  023,  055,  an-d  157-  These  were 
tc  be  run  under  the  following  conditions:  2  days  and  6 
months  at  20'’C.  ;  and  2,3,  and  6  months  at  7^°C. 


After  seven  weeks  exposure  of  the  samples  at  7'''''''-, 
a  malfunctioning  oven  temperature  contivl  causcu.  d  ign'tion 
and  combustion  of  five  of  the  munitions,  surioualy  af¬ 
fecting  the  triplicate  check  program,  llie  >raximuin  tempera¬ 
ture  reached  in  the  oven  is  not  known,  hut  undoubf edl,y  it 
was  greatly  in  excess  of  7^*^C.  The  surveillance  program; 
is  currently  being  repeated. 
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ABSTRACT 

Experimental  studies  on  the  ignition  and  output  ot  meta]~ 
metal  oxidant  pyrotechnic  mixtures  in  contact  with  electrically 
pulsed  bridgewires  for  electroexplosive  device  applications  have 
been  performed.  The  systems  that  were  studied  extensively  included 
aluminum-tungstic  oxide,  aluminum-cupric  oxide,  aluminum-potassium 
perchlorate  and  aluminum-ansnonium  perchlorate.  Representative 
data  show  that  electric  initiators  Incorporating  the  proper  metal- 
metal  oxidant  system  (1)  are  capable  of  withstanding  static  electric 
discharge  pulses  in  excess  of  those  generated  by  the  human  body,  and 
(2)  can  be  designed  to  provide  a  5-amp,  5-watt  no-fire  capability. 

Constant  current  ignition  tests  were  conducted  over  a  range 
of  5  to  50  amperes,  using  a  low-inductance  firing  circuit  that  had 
a  rise  time  of  10  Usee.  The  metal-metal  oxidant  power  was  pressed 
into  initiators  containing  headers  bridged  with  wire  or  ribbon.  At 
a  given  current,  the  data  showed  a  general  increase  in  ignition  time 
as  metal-metal  oxidant  loading  density  and  aluminum  content  of  the 
mixture  were  increased.  Excellent  correlation  of  burning  rate  with 
density  was  obtained  for  the  aluminum-tungstic  oxide  system. 

The  output  characteristics  of  gas-producing  pyrotechnic  mix¬ 
tures  were  studied  with  the  goal  of  designing  a  charge  that  propelled 
a  5-grdm  piston  according  to  the  same  distance-time  profile  generated 
by  a  250-mg  lead  styphnate  charge.  The  distance-time  data  were  re¬ 
corded  photograohically.  It  was  found  that  a  280-mg  aluminum- 
potassium  perchlorate  charge  met  the  above  goal  in  the  first  1/8  in. 
of  piston  travel,  which  was  the  displacement  of  most  interest.  A 
graphical  double  differentiation  of  the  piston  distance-time  profiles 
presented  a  picture  of  the  burning  characteristics  of  the  various 
systems  and  permitted  experimental  verification  of  the  force  con¬ 
stants  from  a  van  der  Waals  equation  of  state. 
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INTRODUCTION 


Electroexplosive  devides  (EED's),  or  electric  initiators 
as  they  are  frequently  called,  are  used  in  ordnance  and  aero¬ 
space  systems  to  convert  an  electrical  pulse  into  a  chemical 
burning  or  detonation  reaction  for  reliably  initiating  a  subse¬ 
quent  propellant  or  explosive  charge,  or  for  performing  useful 
work.  The  typical  design  of  the  electroexplosive  device  con¬ 
sists  of  a  suitable  electrical  bridge  element  which  is  in  phys¬ 
ical  contact  with  an  explosive  or  pyrotechnic  flash  charge;  the 
electrical  pulse  heats  or  explodes  the  bridge,  and  this  in  turn 
initiates  the  flash  charge.  Research  and  development  activities 
in  the  area  of  electrcexplosive  devices  over  the  last  several 
years  have  been  directed  towards  improving  the  safety  of  these 
devices,  while  maintaining  their  inherent  high  reliability. 
Specifications  and  standards  have  been  drawn  up  which  require 
that  EED  s  dissipate  without  functioning  input  no-fire  currents 
and  powers  of  1-amp  and  1-watt  for  5  minutes  or  5-amp  and  5-watts 
for  15  minutes.  Furthermore,  EED's  must  not  be  sensitive  to 
electrostatic  discharges  such  as  those  produced  by  the  human 
body.  By  designing  EED's  to  meet  these  standards,  the  probability 
of  accidental  initiation  is  significantly  reduced.  The  work  des¬ 
cribed  in  this  paper  was  part  of  several  programs  to  develop  EED' s 
of  improved  safety- 

The  metal-metaJ  oxidant  pyrotechnic  is  a  mixture  of  a  metal 
powder  and  a  metal  oxidant  powder  that  upon  ignition  will  react 
generally  in  an  oxidation-reduction  type  reaction,  with  liberation 
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of  a  large  amount  of  heat,  such  that  the  products  may  be  .in  the 
liquid  or  the  vapor  state,  depending  on  the  system  of  interest. 
This  paper  discusses  the  experimental  efforts  related  to  the 
development  of  an  electrostatic-insensitive  5-amp,  5-watt  no-fire 
initiator  and  a  1-amp,  1-watt  no-fire  actuator  each  of  which  con¬ 
tain  pressed  metal-metal  oxidants?  this  includes  all-fire  constant 
current  ignition  studies  of  metal-metal  oxidants  pressed  against 
wire  and  ribbon  bridges.  The  gas  producing  pyrotechnic  mixtures 
aluminum-potassium  perchlorate  and  aluminum-ammonium  perchlorate 
were  used  as  propellants  to  redesign  a  valve  actuator  that  pre¬ 
viously  contained  a  250-mg  lead  styphnate  charge. 

Metal-metal  oxide  mixtures,  such  as  aluminum- tungstic  oxide, 
have  an  enhanced  thermal  stability.  These  mixtures  have  been 
used  to  initiate  detonation  in  insensitive  explosives.  This 
work,  which  was  concerned  with  transition  from  burning  to  deton¬ 
ation,  is  described  in  Reference  1. 

PHYSICAL  PROPERTIES  OF  PYROTECIINLC  MIXTURES 

iS_§ ize  Distri but i p n_^p f _ Aluminum 
^tal  Oxidant  Powders 

The  particle  size  distribution  of  the  spherical  aluminum 
powders  and  of  the  metal  oxidant  powders  that  were  studied  is 
summarized  in  Table  1.  The  data  for  the  finer  powders  were  ob¬ 
tained  on  the  IITRt  centrifugal  disc  photosedlmentometer  (ref.  2) 
while  that  for  the  coarser  powders  with  particles  greater  than 
10  microns  were  obtained  from  a  gravity  sedimentation  analysis. 


42 


Formulation  of  Pyrotechnic  Mixtures 

The  pyrotechnic  mixtures  were  formulated  in  quantities  of 
approximately  20  g  according  to  the  stoichiometric  mole  ratios 
Indicated  in  the  following  equations: 


2A1  +  W)^  - - > 

AI2O3  +  W 

(1) 

2/3  A1  +  CuO  - 

1/3  AlgOj  +  Cu 

(2) 

8/3  A1  +  KCIO^  — 

- >  4/3  AljOj  +  KCl 

(3) 

5/3  A1  +  NH^CIO^ 

- >  5/6  AI2O3  +  3/2  H2O 

(4) 

+  HCl  +  1/2  N- 

However,  mixtures  both  deficient  in  aluminxun  and  rich  in  alvuni- 
n\im  were  also  formulated  for  subsequent  evaluation;  specifically, 
the  former  contained  2/3  of  the  stoichiometric  quantity  of  alumi¬ 
num,  while  the  latter  contained  30  to  33.33%  excess  aluminum. 

No  problems  were  encountered  in  formulating  the  mixtures,  except 
that  the  perchlorate  powders  tended  to  agglomerate  somewhat,  so 
it  was  necessary  to  force  the  required  quantity  through  a  fine 
sieve;  a  No.  100  sieve  appeared  to  be  a  convenient  size  to  use. 
The  aluminum  and  metal  oxidant  powders  were  then  put  in  a  closed 
jar  and  rotated  for  approximately  10  minutes  on  a  bench- top 
roller  mill.  This  rotation  resulted  in  a  mixture  that  visually 
appeared  to  be  uniform. 

Loading  of  Powders 

The  following  procedure  was  used  in  loading  the  initiators 
and  actuators  for  the  ignition  and  output  studies  to  be  described 
later.  A  weighed  quantity  of  metal-metal  oxidant,  250  to  500  mg. 
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was  pressed  into  the  cup  of  each  initiator  at  a  specific,  pre¬ 
determined  loading  pressure  that  ranged  from  2500  to  20,000  psl. 
The  ram  used  in  the  pressings  was  a  drill  blank  of  such  a  dia¬ 
meter  as  to  have  a  slip  fit  inside  the  initiator.  The  height 
of  the  column  of  pressed  powder  was  calculated  by  subtracting 
the  depth  of  the  initiator  after  loading  from  the  depth  prior  to 
loading,  both  measurements  having  been  made  with  a  depth  micro¬ 
meter. 

The  density  variation  at  each  loading  pressure  follows  a 
normal  probability  distribution.  This  is  illustrated  in  Figure  1, 
in  which  the  individual  densities  for  2/3  stoichiometric  H-3 
aluminum  +  TO-2  tungstic  oxide  at  4800  psi  are  plotted  versus 
probability  coordinates.  Similar  results  were  obtained  at  other 
loading  pressures  and  for  other  systems  in  which  a  sufficient 
number  of  points  permitted  calculation  of  standard  deviation. 

The  data  are  summarized  in  Table  2.  There  appears  to  a 
general  decrease  in  standard  deviation  as  the  loading  pressure 
increases. 


INITIATORS  AND  ACTUATORS 

Two  types  of  EED's  were  evaluated  extensively  —  initiators 
having  5~amp,  5-watt  no-fire  capability  and  actuators  possessing 
a  1-amp,  1-watt  no- fire  capability. 

The  initiator  is  depicted  in  Figure  2.  It  consisted  of  a 
steel  sleeve  case  assembled  to  a  Kovar-glass  header  in  such  a 
manner  as  to  form  a  cup  approximately  0.540  in.  deep.  The  com¬ 
ponents  vrere  held  together  by  epoxy  resin.  The  Kovar-glass 
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header  was  bridged  with  a  S-mll-dlameter  Elvanohin*  wire  each  end 
of  which  was  welded  to  the  pins  (prongs) .  The  nominal  resistance 
of  this  initiator  was  0.20  ohm. 

The  actuator  that  was  used  most  extensively  is  shown  in 
Figure  3.  Basically,  it  was  an  electric  initiator  consisting  of 
an  Inconel-glass-stalnless  steel  header  to  the  prongs  of  which 
the  bridge  was  welded.  Two  types  of  bridge  elements  were  evalu¬ 
ated,  namely  a  2-mil-diameter  Tophet-C*  wire  bridge  and  a  0. 13- 
mi  1-thiclc  by  25-mil-wide  Resistvar  II**  ribbon  bridge.  In  line 
with  the  l-amp,  1-watt  no-fire  requirements,  the  nominal  resis¬ 
tance  of  these  bridges  was  1  ohm.  The  ribbon  bridges  were  in¬ 
cluded  in  the  Investigation  because  they  dissipate  heat  into 
the  surroundings  faster  than  wire  bridges  of  the  same  tnater^al 
and  resistance,  and  hence  the  actuator  would  more  easily  meet 
the  no-fire  requirements. 

The  stainless  steel  charge  holder  was  designed  to  have  an 
internal  volume  of  0.133  cc.  Hence,  at  a  pressure  of  10,000  psi 
it  was  possible  to  load  280  mg  of  Al-KClO^  or  250  mg  of  Al-NH^CIO^, 
and  the  top  of  the  pressing  was  flush  with  the  top  of  the  actuator. 
The  pressed  density  of  Al-KClO^  at  these  conditions  was  2.10  g/cc. 
while  that  of  Al-f.'H^ClO^  was  1.08  g/cc.  To  load  quantities 
greater  than  the  above  amounts,  it  was  necessary  to  omit  the 
charge  holder  from  the  actuator  assembly.  This  procedure  increased 
the  available  volume  to  0.2S4  cc. 

*  Wilber  B.  Driver  Company,  Newark.  New  Jersey 
Haiailton  Watch  Coaq;>any,  Lancaster,  Pennsylvania 
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SCALE,  INCHES 


Figure  3 
ACTUATOR 


(Bridge  element  was  either  a  2-mlI  dlametei  wire 
or  a  0.13-mll  thick  ribbon,  each  of  nominal  1-ohm 
resistance.  Actuator  has  l-emp,  1-watt  ?K>-fire 
capability.  Charge  holder  was  fabricated  from 
stainless  steel.) 
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ENVIRONMENTAL  EVALUATIONS 


ThormeX  Stabilit of  Metal-Metal  Oxidants 

One  method  for  evaluating  the  thermal  stability  of  a  system 
is  differential  thermal  analysis  (Dl’A)  .  The  sample  under  study 
is  heated  continuously  at  a  controlled  rate  side  by  side  with  a 
thermally  inert  reference  material.  A  thermocouple  embedded  in 
the  sample  and  in  the  reference  material  permits  continuous  mon¬ 
itoring  of  the  temperature  difference  between  the  tvo  as  a  function 
of  temperature  magnitude.  As  long  as  no  change  takes  place  in  the 
sample,  the  temperature  difference  is  zero.  If  the  sample 

changes  phase  or  reacts  endctnermally ,  a  thermal  arrest  occurs. 

If  the  sample  reacts  exothermally,  the  temperature  difference  be¬ 
comes  positive,  and  nay  be  so  large  that  the  slope  of  the  curve 
v^sitical. 

The  OTA  instrument  used  was  the  Fisher  model  260  Differential 
Tber.tvsiyzer ,  whicl.  consists  of  three  separate  units,  a  furnace,  a 
solid-state  progranr'''r ,  and  a  sample  holder.  A  Microcord  44  re¬ 
corder  {Photovolt  Corportation)  completes  the  instrumentation 
system. 

Thermograms  for  three  metal-metal  oxidant  systems  are  sho%fn 
in  Figure  4.  The  peaks  that  can  be  readily  identified  are  the 
rhombic  to  cubic  transition  in  KCIO^  at  300‘C,  the  decomposition 
of  KCIO^  at  500 *0.  the  fusion  of  product  KCl  at  770*C.  and  the 
fusion  of  aluminum  at  660*C.  The  curve  for  Xl-NH^CIO^  la  not 
shown,  but  is  similar  with  the  transition  occuring  at  240*C  and 
the  dec(»Bpo8ition  occuring  at  370*C. 
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For  the  mfetal-metal  oxide  traces,  the  absence  of  'ppreciable 
exothermic  peaks  up  to  temperatures  as  high  as  800 °C  suggests 
that  these  systems  have  an  enhanced  thermal  stability.  The  large 
exotherm  in  the  Al-WO^  trace  beginning  at  approximately  825 °C  is 
believed  to  be  associated  with  autoignition  of  the  mixture.  Ac¬ 
cordingly,  we  have  assumed  that  825®C  is  the  autoignition  tempera¬ 
ture,  and  have  used  this  value  in  the  development  of  the  ignit- 
ability  criterion  for  the  Al-WD^  system  (ref.  3) .  The  fact  that 
propagating  reaction  was  initiated  at  marginal  currents  where  the 
calculated  bridge  temperature  was  not  much  in  excess  of  825 °C 
suggests  that  this  temijerature  is  a  good  estimate  of  the  auto¬ 
ignition  temperature. 


Sensitivity  to  Electrostatic  Discharge  Pulses 

The  ability  of  an  electric  initiator  to  withstand  electro¬ 
static  discharges  such  as  those  produced  by  the  human  body  is  an 
important  safety  consideration.  A  number  of  tests  were  conducted 
on  initiators  loaded  with  pressed  Al-CuO  and  Al-KClO^  mixtures. 
The  tests  were  conducted  by  discharging  a  600-pf  condenser  at  a 
maximum  of  25  kv  through  the  metal-metal  oxidant  mixture,  that  is, 
from  pin  to  case.  No  500-ohm  series  resistor  was  used,*  so  that 
effectively  the  electrostatic  discharge  was  in  excess  of  what  can 
be  generated  by  the  human  body. 

Under  the  above  conditions,  it  was  found  t>>at  mixtures  of 
h-J  ..pherical  grade  aluminum  and  cupric  oxide  were  not  initiated 
at  25  kv.  In  fact,  a  given  pressing  could  dissipate  repeated 


The  function  of  the  series  resistor,  when  used,  is  to  slmuiate 
the  resistance  of  the  human  body,  which  under  discharge  jzOndltionS 
is  approximately  500  ohms.  .  / 
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discharges  at  this  voltage  without  being  initiated.  Identical 
results  were  obtained  from  mixtures  of  flaked  aluminum  and 
potassium  perchlorate.  It  is  conceivable  that  many  other  metal- 
metal  oxidant  systems  such  as  Al-WO^  subjected  to  this  environ¬ 
ment  would  behave  the  same  way,  although  these  othef  systems  were 
not  tested. 

On  the  basis  of  these  results,  a  family  of  electrostatic- 
insensitive  initiators  with  a  5-amp,  5-watt  no-fire  capability 
has  been  developed  for  aerosoace  applications.  The  basic  charge 
in  these  initiators  is  a  mixture  of  flaked  aluminum  and  potassium 
perchlorate  (ref.  4) . 

CONSTANT  CURRENT  IGNITION  STUDIES 

The  constant  current  ignition  studies  of  the  pyrotechnic 
mixtures  have  been  described  in  detail  in  Reference  5.  Hence, 
only  a  brief  summary  of  the  method  will  be  giv^'r,  here. 

Firing  Circuit 

The  firing  circuit  used  was  the  IITRI  low  inductance,  short 
rise-time  constant  current  circuit,  a  schematic  drawing  of  which 
is  shown  in  Figure  5,  The  basic  power  supply  consisted  of  lead 
storage  batteries  connected  in  series.  The  operation  of  the 
circuit  is  as  follows.  The  resistance,  Rj^,  is  set  equal  to  the 
resistance  of  the  Irltiator  under  test.  The  current,  1^,  through 
Rj  is  adjusted  to  the  desired  value  by  moving  the  rheostat. 

Then  the  calibrating  circuit  switch  is  opened,  and  the  circuit 
to  the  initiator  is  completed  by  closing  the  mercury  switch. 

The  initial  current  through  the  initiator  is  equal  to  preselected 
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[EMATIC  DIAGRAM  OF  CONSTANT  CURRENT  FIRING  CIRCUIT 
isls'tance  of  shurt  was  in  range  0.02  to  0.10  ohm.) 


value  of 


The  switching  of  resistance,  R^,  into  the  circuit 
permits  higher  currents  at  a  given  rheostat  setting.  The  current, 

was  read  with  Singer-Metrics  Sensitive  Research  ammeters  that 
were  accurate  to  the  nearest  0.04  amp  or  0.25  amp. 

The  short  rise  time,  which  is  in  the  range  4  to  10  Ksec,  was 
achieved  by  using  cables  of  low  inductance.  The  cables,  from  the 
batteries  to  the  initiator,  consisted  of  two  flat  copper  conduc¬ 
tors  separated  by  a  Teflon  tape  dielectric,  as  indicated  schemat¬ 
ically  in  Figure  6.  These  three  components  were  held  together  by 
a  tight  wrapping  of  Scotch  No.  33  electrical  ♦■dpe.  Cables  to 
switches  and  resistors  were  constructed  in  the  same  manner  to 
minimize  inductive  Iwops. 

Instrumentation 

The  Instrumentation  included  continuous  monitoring  of  resis¬ 
tance  of  tlie  EED  during  firing,  and  measurement  of  overall  func¬ 
tion  time. 

The  performance  of  the  EED's  during  firing  was  monitored 
by  a  Tektronix  type  555  dual-beam  oscilloscope  equipped  with  a 
Polaroid  camera.  The  upper  beam  was  chopped  into  two  channels 
by  means  of  a  type  CA  dual- trace  plug-in  unit.  Channel  A  recorded 
the  voltage  drop  across  the  shunt  resistor  in  Figure  5.  Since  the 
shunt  resistor  was  made  from  a  heavy  piece  of  resistance  wire,  its 
resistance  changed  very  little  during  the  few  milliseconds  re¬ 
quired  for  EED  functioning.  Hence,  this  voltage  drop  is 
proportional  to  the  current.  Channel  B  recorded  the  applied  volt¬ 
age  drop  across  both  the  EED  (Initlavor)  and  shunt  resistor.  In 
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TEFLON  INSULATOR 
0.005  IN.  THICK 


Figure  6 

SCHEMATIC  DRAWING  OF  FLAT  CABLE  USED 
IN  CONSTANT  CURRENT  FIRING  CIRCUIT 
OF  FIGURE  5 
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this  way,  the  simu lt:aneous  recording  of  current  through  and  volt¬ 
age  drop  across  the  RED  provided  a  continuous  picture  of  EED  re¬ 
sistance  during  firing. 

The  lower  beam  of  the  oscilloscope  was  used  in  conjunction 
with  a  condenser  discharge  type  ion  probe  system  to  measure  over¬ 
all  function  time,  defined  as  the  time  from  first  application  o£ 
firing  pulse  to  emergence  of  the  reaction  wave  from  the  end  of 
the  pyrotechnic  column.  The  ion  probe,  which  consisted  of  a 
two-prong  Kovar-glass  header,  was  positioned  at  the  top  of  the 
pressed  pyrotechnic  charge.  Further  details  about  the  ion  probe 
system,  including  a  circuit  diagram,  may  be  found  in  Reference  5. 

Ignition  at  15  amp 

The  constant-current  ignitability  studies  on  various  combi¬ 
nations  of  aluminum  and  metal  oxide  are  summarized  in  Tables  3 
through  6,  and  a  typical  record  from  which  the  data  were  obtained 
is  shown  in  Figure  7.  The  data  in  each  table  are  arranged  in  the 
order  of  decreasing  curre.nt.  Initial  currents  were  varied  within 
a  range  of  49.6  amp  to  7.1  amp,  with  the  majority  of  the  tests 
being  conducted  at  or  near  15  amp,  which  is  the  design  all-fire 
current  for  the  5-amp,  5-watt  no-fire  initiator  previously  shown 
in  Figure  2.  The  record  in  Figure  7  shows  that  the  voltage  trace 
decreases  slightly  from  its  Initial  value.  This  pattern  indicates 
tlmt  the  resistance  of  ^hc  initiator  decreases  during  firing.  At 
37  msec  the  voltage  trace  becomes  rather  erratic,  which  as  ex¬ 
plained  in  Reference  5  was  caused  by  the  ignition  of  the  metal- 
metal  oxide  bed;  this  phenomenon  permitted  measurement  of  ignition 
time  of  the  pyrotechnic.  The  overall  function  time  of  the  initiator 
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was  66  msec. 


IGNITION  OF  H-3  ALUMINUM  +  TO-2  TUNGSTIC  OXIDE 


IGNITION  OF  H-5  ALUMINUM  +  TO-2  TUNGSTIC  OXIDE 
(Initiator  is  shown  in  Figure  2.) 
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IGNITION  OP  H-5  AIAJMINUM  +  GLIDDEN  CUPRIC  OXIDE 
(Initiator  is  shown  in  Figure  2.) 
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One-minute  pulse. 


The  unit  burning  time  in  Tables  3  through  6  was  calculated 
by  subtracting  the  ignition  time  from  the  overall  function  time 
and  then  dividing  this  difference  by  the  column  height.  Overall 
function  time  was  not  reported  in  the  tables  in  order  to  conserve 
space  but  can  be  calculated  from  the  following: 

Function  time  =  ignition  time  +  (5) 

(column  height)  x  (unit  burning  time) 

The  unit  burning  time  data  for  two  metal-metal  oxide  systems 
are  plotted  in  Figures  8  and  9.  Unit  burning  time  is  the  recipro¬ 
cal  of  burning  rate.  Note  how  well  the  imirning  rate  correlated 
with  density,  particularly  in  the  aluminum- tungstic  oxide  systems. 
The  scatter  in  the  points  for  these  systems  is  within  the  experi¬ 
mental  error  of  the  measurements,  that  is  +2  msec  in  burning  time 
and  +0.002  in.  in  column  height.  The  correlation  for  the  alumi¬ 
num-cupric  oxide  systems  was  not  as  good,  possibly  because  the 
pressed  columns  were  inadvertently  allowed  to  exceed  one  diameter 
(0.222  in.)  in  length.  This  occurrence  may  have  caused  excessive 
density  gradients  in  the  column. 

Increasing  the  amount  of  aluminum  caused  the  mixture  to 
burn  more  rapidly  in  all  systems.  Increasing  the  density  slowed 
the  burning  except  for  H-3  aluminum-Glidden  cupric  oxide  system. 

As  8ho%m  in  Figure  9,  mixtures  that  contained  a  stoichiometric 
quantity  of  aluminum  or  30%  excess  aluminum  exhibited  more  rapid 
burning  as  the  density  was  increased. 
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UNIT  BURNING  TIME,  MSEC/IN 


3.0  3.5  4.0 

DENSITY,  6/CC 


Figure  8 

UNIT  BURNING  TIME  OP  H-3  A1  +  TO- 2  WO^ 


UNIT  BURNING  TIME.  MSEC/IN 


Figure  9 

UNIT  BURNING  TIME  OF  H-3  A1  +  OLIM)EN  CuO 
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The  data  in  Tables  3  through  6  show  that  i  jadx"sg  density 
had  a  observable  effect  on  Ignition  time.  Generaxiy  speeJcing, 
at  a  given  current  an  increase  in  density  caused  an  increase  iu 
Ignition  time.  The  iRqpllcation,  of  course,  is  that  accurate 
control  of  overall  function  time  of  the  initiator  requires  con¬ 
trol  of  metal-metal  oxide  loading  density,  particularly  for  a 
system  such  as  Al-CuO  where  not  only  ignition  time  but  also 
burning  rate  varies  significantly  with  density. 

Ignition  at  5  amp 

The  5-amp  ignition  tests  on  the  Al-KClO^  and  Al-NH^CIO^ 
systems  are  summarized  in  Tables  7  through  9.  The  principle 
variant  in  these  studies  was  the  loading  density,  which  was  con¬ 
trolled  by  varying  loading  pressure.  The  actuators  shown  in 
Figure  3  were  used  for  these  ignition  studies.  These  actuators 
have  a  1-amp,  1-watt  no-fire  capability. 

The  majority  of  the  studies  were  conducted  using  mixtures 
formulated  from  H-3  spherical  grade  aluminum  powders.  In  the 
initial  tests,  however,  two  flaked  aluminum  grades  were  evalu¬ 
ated  —  28-XD  and  40-XD,  manufactured  by  the  Reynolds  Metals 
Company,  Louisville,  Kentucky.  Previous  studies  showed  certain 
pyrotechnic  mixtures  such  as  Al-KClO^  offer  much  improved  resis¬ 
tance  to  electrostatic  discharges  if  the  mixture  were  formulated 
from  flaked  sluoiinum,  as  comi>arctd  with  spherical  aluaUnum  (ref.  4)i 
however,  in  the  current  work  severe  tendency  for  the  finked 
aluminum  mixtures  to  fail  to  coB|>act  under  pressure  wus  encotmt- 
ered,  to  the  extent  that  misfires  occurred.  For  this  reason 
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Table  7 


f 


\ 


IGNITION  OF 

H-3 

ALUMINUM  + 

HUMMEL  KCIO4  (BATCH 

1)  AT  5 

AMP"^ 

Amount 

Resistance 

,  ohms 

Ignition 

of 

Shot 

Density, 

Type  of 

after 

at 

Time, 

Aluminum 

No. 

g/cc 

Bridae 

Loadino  lanition 

msec 

33.33%  excess 

115 

1.98 

Wire 

0.835 

2.3 

112 

2.01 

Wire 

.81 

0.78 

6.4 

116 

2.01 

Wire 

.82 

6.2 

114 

2.08 

Wire 

.825 

Delay 

119 

2.10 

Wire 

.825 

.70 

12.2 

113 

2.12 

Wire 

.95 

8.4 

117 

2.14 

Wire 

.865 

6.2 

Hi 

2.16 

Wire 

.86 

.75 

9.1 

118 

2.16 

Wire 

.815 

2  sec 

2/3  stolch. 

107 

1.95 

Wire 

.94 

1.06 

1.3 

104 

1.97 

Wire 

.83 

.90 

1.6 

105 

1.99 

Wire 

.82 

2.7 

103 

2.08 

Wire 

.86 

.99 

1.6 

106 

2.12 

Wire 

.82 

2.7 

108 

2.12 

Wire 

.83 

.86 

3.4 

110 

2.20 

Wire 

.83 

.86 

3.4 

Table  8 

IGNITION 

OF  H-3 

ALUMINUM 

+  HUMMEL  KCIO4  (BATCH  2)  AT  5 

AMP* 

Amount 

Resistance,  ohms 

Ignition 

of 

shot 

Densj  ty, 

Type  of 

after 

at 

Time, 

Aluminum 

Mo^ 

q/cc 

Bridge 

Loading 

lanition 

msec 

2/j  stoich. 

191 

.10 

Wire 

0.788 

0.86 

1.3 

192 

2.10 

Wire 

1.244 

.96 

1.2 

193 

2.10 

Wire 

.892 

.94 

1.4 

194 

2. 10 

Wire 

.940 

2.6 

195 

2. 10 

Wire 

.987 

.94 

1.1 

19b 

2.10 

Wire 

1.056 

.90 

2.7 

208 

2.11 

Wire 

.936 

1.5 

197 

2.13 

Wire 

0.939 

0.96 

2.7 

♦ 

Actuator  la 

shown 

in  Figure 

3. 
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Table  9 


Ica^ITION 

OF  H- 

■3  ALUMINUM 

+  THIOKDL  NH^CIO^ 

AT  5  AMP* 

Amount 

of 

Aluminum 

Shot 

No. 

Density, 

q/cc 

Type  of 

Briaae 

Resistance,  ohms 
after  at 

Loading  Ignition 

Ignition 

Time, 

msec 

33.3376  excess 

82 

1.56 

Ribbon 

0.625 

11 

86 

1.59 

Ribbon 

.680 

10 

85 

1.66 

Ribbon 

.707 

10 

78 

1.74 

Ribbon 

.672 

14 

79 

1.74 

Ribbon 

.622 

14 

92 

1.75 

Ribbon 

.69 

0.78 

11 

29 

1.76 

Ribbon 

.678 

.76 

14 

30 

1.73 

Ribbon 

.687 

.71 

16 

80 

1.78 

Ribbon 

.622 

12 

83 

1.84 

Ribbon 

.650 

12 

84 

1.87 

Ribbon 

.664 

12 

2/3  stoich. 

39 

1.74 

Ribbon 

.637 

8.6 

33.3376  excess 

94 

1.75 

Wire 

.87 

.88 

2.3 

19 

1.78 

Wire 

.832 

.84 

3.3 

18 

1.83 

Wire 

.843 

3.3 

17 

1,84 

Wire 

.850 

3.1 

2/3  stoich. 

59 

1.54 

Wire 

.812 

2.0 

70 

1.54 

Wire 

.787 

2.3 

47 

1.60 

Wire 

.803 

2.3 

49 

1.63 

Wire 

.841 

2.2 

2/3  stoich. 

73 

1.70 

Wire 

.795 

2.3 

74 

1.71 

Wire 

.795 

2.0 

11 

1.00 

Wire 

.817 

.84 

2.4 

14 

1-81 

Wire 

.831 

0.93 

2.4 

13 

1.87 

Wire 

.802 

Mo  go 

12 

2.04 

Wire 

0.792 

MO  go 

* 

Actuator  la  shown  in  Figure  3. 
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further  work  with  flaked  aluminum  mixtures  was  suspended  and  the 
majority  of  the  effort  was  diverted  to  evaluating  spherical  alu¬ 
minum  mixtures . 

The  resistance  of  the  2-inlI  Tophct-C  wire  bridge  during 
firing  at  first  increased  and  then  decreased.  The  resistance 
at  ignition  has  been  calculated  for  some  of  the  shots  in  Tables 
7  through  9  to  show  this  behavior.  The  Reslstvar-II  ribbon 
bridge,  on  the  other  hand,  exhibited  only  a  tendency  to  increase 
in  resistance. 

No  unit  burning  times  have  been  reported  in  Tables  7  through 
9.  This  omission  is  explained  by  the  very  high  burning  rate  of 
the  Al-KClO^  and  Al-NH^CIO^  systems.  Pitts  in  Reference  6  ob¬ 
tained  values  of  0.05  in/ usee  for  Al-KClO^,  which  would  Indicate 
that  the  burning  time  or  our  pressing  would  be  only  3  Msec. 

Such  a  short  time  is  not  resolvable  on  an  oscilloscope  which  is 
being  swept  in  the  milliseconds-per-centimeter  range.  In  the 
tables,  therefore,  only  the  ignition  time  has  been  reported,  and 
the  overall  function  time  is  understood  to  be  only  microseconds 
greater . 

The  performance  of  the  Al-KClO^  mixtures  with  excess  alumi¬ 
num  at  5-amp  was  erratic,  judging  from  the  wide  variation  in 
Ignition  time  as  reported  in  Table  7.  Noticeable  delays  were 
observed  in  some  of  the  shots.  The  aluminum-deficient  (2/3 
stoichiometric)  mixtures  performed  much  more  reproducibly ,  how- 
ver.  For  Al-NH^CIO^  mixtures  in  Table  9.  it  can  be  observed 
that  ignition  tiroes  were  longer  for  the  ribbon  bridges  than  for 
the  wire  bridges.  This  was  expected,  since  the  greater  surface 
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area  of  the  flat  ribbon  in  contact  with  the  surroundings  causes 
its  heating  rate  at  a  given  current  to  be  lower.  All  Al-NH^CIO^ 
systems  performed  reproducibly,  however,  with  the  exception  that 
the  last  two  entries  showed  chat  too  high  a  density  caused  mis¬ 
fires. 

5-Watt  No-Fire  Experiments 

The  ability  of  metal-metal  oxide  initiators  bridged  with  a 
5-mil  wire  to  dissipate  a  constant  5-amp.  5-watt  pulse  without 
functioning  or  seriously  degrading  the  performance  is  shown  in 
Table  10.  Ten  initiators  illustrated  in  Figure  2  were  loaded 
with  2/3  stoichiometric  mixtures  of  either  Al-WD^  or  Al-CuO,  in 
the  same  manner  as  for  the  constant  current  ignition  studies. 

A  current  of  5  amp  was  then  delivered  to  the  initiator  for  a 
period  of  15  minutes.  The  input  power  at  this  current  was 
somewhat  greater  than  5-watts,  except  for  the  test  where  the 
initiator  resistance  was  less  than  0.200  ohm.  The  initiators 
became  very  hot;  however  none  fired  under  these  conditions. 

After  each  initiator  cooled  to  ambient  temperature,  an 
attempt  was  made  to  fire  it  at  the  design  all-fire  current  of 
15  amp.  The  performance  at  15  amp  is  summarized  in  columns  5 
through  8  of  Table  JO.  The  Ignition  times  are  essentially  the 
same  as  for  initiators  which  have  been  tested  only  at  15  aisp, 
as  previously  reported  in  Tables  3  and  5.  However,  the  unit 
burning  times  (i.e.,  burning  rate)  of  the  metal-metal  oxide  was 
affected  somewhat  by  the  S-amp  exposure.  The  Al-WO^  system 
burned  more  slowly  than  that  studied  in  Table  3,  while  the 
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Al-CuO  burned  more  rapidly  than  that  in  Table  5.  However,  the 
burning  rates  under  both  sets  of  conditions  are  of  the  same 
order  of  magnitude,  so  that  the  observed  differences  arc  of  no 
major  concern. 


One-Watt  No-Fire  Experiments 

The  ability  of  pyroteclmic- loaded  actuators  bridged  with 
either  a  2-mil  wire  or  a  0.13-mll  thick  ribbon  to  dissipate  a 
constant  1-an^,  1-watt  pulse  was  determined  in  the  experiments 
that  are  summarized  in  Tables  12  through  14.  The  actuators  were 
lined  with  the  stainless  steel  charge  holders.  Each  actuator 
(Figure  3)  was  loaded  with  the  appropriate  pyrotechnic  in  the 
same  manner  as  for  the  5-atnp  ignition  studies.  A  current  of 
appropriate  value  for  dissipation  of  1  watt  was  then  delivered 
to  the  actuator  for  a  period  of  5  minutes;  the  actual  value  for 
each  test  is  indicated  in  column  5  of  the  Tables.  Column  6 
shows  that  none  of  the  actuators  fired  under  these  conditions. 

After  each  actuator  cooled  to  ambient  temperature,  an 
attempt  was  made  to  fire  it  at  the  all-fire  current  of  5-amp. 

The  performance  of  the  actuators  under  these  conditions  is  shown 
in  columns  7  through  10  of  the  Tables.  The  interesting  results 
are  those  for  the  Al-NH^CIO^  system  with  excess  aluminum  in 
Table  11.  The  advantages  of  the  ribbon  bridge  versus  the  wire 
bridge  are  demonstrated.  All  of  the  ribbon-bridged  actuators 
that  had  been  exposed  to  the  1-watt  pulse  fired  at  5-arap?  further¬ 
more,  the  ignition  times  agreed  very  well  with  those  for  actuators 
that  were  tested  only  at  5-amp,  as  previously  reported  in  Table  9. 
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ONE-WATT  NO-FIRE  EXPERIMENTS  FOR  H-3  ALUMINUM  +  TPflOKOL  NH4CIO4 
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On  the  other  hand,  the  wire-bridged  actuators  at  S-anp  behaved 
very  erratically,  and  Table  11  shows  that  some  misfires  were 
encountered.  A  logics'  sxplanation  of  the  above  behavior  is 
that  the  greater  surface  area  of  the  ribbon  bridge  in  contact 
with  the  surroundings  permits  it  to  dissipate  Its  heat  more 
effectively  than  would  the  wire  bridge.  Hence  the  ribbon-bridge, 
as  well  as  the  pyrotechnic  adjacent  to  the  bridge,  stays  cooler 
during  the  1-watt  exposure.  There  is  less  .hence  for  the  pyro¬ 
technic  to  be  heated  to  temperatures  at  wiilch  phase  chants 
would  alter  its  ignition  characteristics  or  at  which  thermal 
expansion  would  alter  the  physical  contact  between  the  bridge 
and  charge. 

Tables  12  and  13  show  that  both  aluralnum-rlch  and  aluminum- 
deficient  Al-KClO^  mixtures  could  be  ignited  at  S-anp  after  the 
1-watt  test.  The  interesting  aspect  was  that  these  results  were 
achieved  with  the  wire  bridges;  hence  the  performance  with  rib¬ 
bon  bridges  was  not  evaluated.  The  greater  therswl  stability 
of  KCIO^  as  compared  to  that  of  NH^CIO^  probably  explains  why 
wire  bridges  were  more  effective  for  Al-KClO^  pressings  than  for 
Al-NH^CIO^  pressings. 


The  output  characteristics  of  gas-producing  pyrotechnic 
mixtures  such  as  aluminum-potassium  perchlorate  and  aluminum- 
amaonium  perchlorate  were  studied  with  the  goal  of  redesifpalng 
a  valve  actuator  that  Is  electrically  fired  and  actuated  ly  a 
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250-ing  lead  styphnate  charge.  The  main  objective  of  the  output 
studies  was  to  design  a  pyrotechnic  charge  that  would  propel  a 
5.00-grain  piston  over  a  distance  approximately  1/8  in.  ac¬ 

cording  to  the  same  displacement-time  profile  as  proveded  by  the 
lead  styphnate  charge.  The  principle  variants  in  these  studies 
were  the  charge  weight  and  the  aluminum/oxldant  ratio  in  the 
pyrotechnic  mixtures. 

Theoretical  Force  Constant 

A  prime  consideration  in  the  selection  of  candidate  compo¬ 
sitions  was  the  value  of  the  force  constant  of  the  candidate  as 
compared  with  that  for  lead  styphnate.  The  force  constant  cal¬ 
culations  are  suamarized  in  Table  14.  In  the  calculations,  it 
was  assumed  that  only  the  most  stable  products  are  formed.  That 
is,  first,  all  the  aluminum,  when  used,  is  permitted  to  react 
with  oxygen  to  form  aluminum  oxide  (AI2OJ) .  Then,  hydrogen  com¬ 
bines  with  oxygen  to  form  water.  Finally,  any  oxygen  left  over 
is  permitted  to  react  with  the  carbon,  when  present,  to  form 
carbon  monoxide.  Typical  reactions  under  these  assumptions . are 
as  follows: 

20/9  A1  ♦  WH^CIO^  - >  10/9  AljO^  ♦  2/3  HjO  (6) 

>  HCl  t  5/6  Hj  +  1/2  llj 

PbCgHjNjO^  - >  3/2  HjO  ♦  6  CX)  ♦  3/2  Hj  (7) 

♦  3/4  Oj  +  Pb 

16/9  A1  +  ia:iO^  - — >  8/9  AI2O3  KCl  (8) 

♦  2/3  O2 
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The  reaction  temperature  was  calculated  from  an  enthalpy  balance 
in  which  the  heat  released  298 "K  was  permitted  to  heat  the  pro¬ 
ducts  to  the  final  temperature.  Meats  of  formation  and  heat 
capacities  were  obtained  from  Glassner  (ref.  7)  end  Perry  (ref.  8). 
In  the  case  of  the  aluminum- per chlorate  systems,  a  significant 
portion  of  the  product,  AljO^,  decomposes  at  3770 ®K  according  to 
the  reaction  (ref.  9) ; 

Al203(l) - >  2  AlO(g)  +  1/2  02(g) 

The  force  constant  is  then  calculated  from  the  relationship* 

P  »  J  RT 

where 

n  «  moles  of  gas  produced 
M  *  molecular  weight  of  reactants 
R  «  gas  constant 
T  *  reaction  temperature. 

These  calculations  confirmed  most  of  the  systems  under  con¬ 
sideration  showed  potential  promise  as  candidates  to  replace 
lead  styphnate  in  the  actuator.  The  explosive  nitroguanldine 
was  included  to  provide  an  alternative  system  in  the  event  that 
reaction  kinetics  precluded  the  pyrotechnics  froat  exhibiting  a 
perforsumce  equivalent  to  that  of  lead  styphnate;  in  retrospect, 
however,  little  or  no  experiswntal  work  was  done  with  the  explo¬ 
sive  systesi.  because  the  performance  of  the  pyrotechnics  in  all 
respects  was  satisfactory. 


(9) 


(10) 
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Experimental  Method 

A  photographic  method  based  on  the  use  of  a  Fastax  smear 
camera  was  employed  to  obtain  piston  displacement- time  data. 

The  experimental  arrangement  and  typical  records  are  shown  in 
Figure  10.  The  charges  were  pressed  into  actuators  previously 
described  and  depicted  in  Figure  3.  The  S.OO-gram  piston 
was  positioned  initially  in  a  breechblock  into  which  the  loaded 
actuator  was  screwed.  When  the  charge  was  fired,  the  emerging 
piston  passed  in  front  of  an  accurately  machined  slit  through 
which  an  intense  light  shined.  The  movement  of  the  piston  past 
the  slit  blocked  out  a  steadily  increasing  portion  of  the  light, 
which  was  then  prevented  from  reaching  the  camera  focused  on  the 
slit.  As  can  be  seen  from  Figure  10,  the  method  produced  a  clear, 
very  sharp  trace  of  the  displacement  of  the  piston.  Distance 
reference  on  the  records  was  obtained  from  the  width  of  the 
trace,  which  corresponded  to  a  slit  length  of  0.500  in.  Time 
reference  was  obtained  from  the  timing  siarks  which  occurred  at 
l-msec  intervals.  The  brilliant  flash  visible  on  the  record  for 
Shot  No.  186  (Al-KClO^)  was  observed  with  all  pyrotechnic  charges, 
and  was  believed  to  be  caused  by  the  shifting  equilibrium 

as  described  by  Equation  9. 

The  piston  was  machined  from  0.39060-in.  diameter  drill  rod 
to  a  length  of  0.557  in.  Tlie  weight  was  controlled  to  the  near¬ 
est  0.05  g.  The  clearance  between  the  piston  and  the  hole  from 
which  It  was  propelled  was  approx istately  0.001  in. 
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Figure  10  shows  the  presence  of  a  shim  which  was  held  securely 
between  the  charge  and  piston  by  the  actuator  and  breechblock 
hardware.  The  purpose  of  the  shim,  which  was  used  on  all  pyro¬ 
technic  firings,  was  to  provide  a  shot-start  effect  by  delaying 
the  motion  of  the  piston  until  the  charge  had  reacted  more  com¬ 
pletely  than  would  have  been  possible  without  a  shim.  * 

A  brass  shim  was  not  used  for  the  lead  styphnate  charges, 
oecause  these  were  supplied  as  loaded  actuators.  The  tops  of  the 
charge  was  sealed  with  a  thin  metal  disc  which  provided  the  re¬ 
quired  shot-start  effect. 

Summary  of  Pertinent  Output  Data 

The  output  characteristics  of  lead  styphnate  and  selected 
pyrotechnic  charges  as  measured  by  the  piston  displaceme..t-time 
data  are  sunuitarized  in  Table  15.*  The  data  show  that  the  280-mg 
16/9  A1  +  KCIO^  system,  which  contains  2/3  of  the  stoichiometric 
amount  of  aluminum,  comes  very  close  to  duplicating  the  piston 
motion  produced  by  lead  styphnate  in  the  first  0.15  in.  of  travel. 
This  displacement  is  the  region  of  most  interest  in  valve  actuator 
design.  The  volumes  occupied  by  the  280-mg  Al-KClO^  and  250-mg 
lead  styphnate  charges  were  identical. 

Systems  containing  a  stoichiometric  or  excess  amount  of 
aluminum,  such  as  8/3  A1  +  KCIO^  or  32/9  A1  +  KCIO^  respectively, 
did  not  duplicate  the  piston  motion  produced  by  styphnate  nearly 

*The  lead  .styphnate  charges  were  fired  at  a  current  of  approximately 
0.67  amp  d.c.;  the  pyrotechnic  charges  were  fired  at  7  aiip  d.c. 
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as  well,  unless  the  charge  holder  in  the  actuator  housing  was 
reraoved  to  allow  more  charge  to  be  loaded »  Likewise,  the 
20/9  A1  +  NH^CIO^  system  did  not  perform  as  well,  in  spite  of 
its  very  high  calculated  force  constant  in  Table  14. 

The  last  entry  in  Table  15  shows  the  results  of  the  very 
little  work  which  was  done  using  explosives.  The  principle 
drawback  with  the  explosives  was  that  they  were  not  ignitable 
with  a  hot  bridge.  Hence,  a  pyrotechnic  ignition  charge  in 
contact  with  the  bridge  was  required;  for  Shot  No.  151  this 
charge  was  50  mg  of  Al-NH^CIO^.  The  remaining  volume  in  the 
actuator  was  loaded  with  160  mg  of  nitroguanidine  in  two  equal 
indrements  at  a  pressure  of  10,000  psi;  the  pressed  density  of 
the  nitroguanrdine  was  1.46  g/cc.  Several  other  shots  of  a 
similar  nature  were  also  attempted,  but  in  these  the  nitro- 
guanidrrie  wafers  were  found  lying  on  the  table  after  the  shots 
were  fired.  Because  of  these  problems  and  because  the  excellent 
performance  of  the  pyrotechnics  had  already  been  demonstrated, 
further  work  with  explosives  was  halted. 


Experimental  Determination  of  Force  Constant  from 
van  der  Waals  Type  Equation  of  State 

The  van  der  Vfaals  equation  of  state  for  real  gases  is 


where 


"1 

g 

(V/n)  J 


J 


RT 


ai) 


a  s  a  proportionality  constant 
p  -  the  covolume  term 
n  =  the  number  of  moles  of  gas 
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The  term  a/(V/n)  is  a  measure  of  the  attractive  force  between 
the  molecules,  and  the  covolume  term  is  related  to  the  volume 
occupied  by  the  molecules  of  the  gas.  The  number  of  moles  of 
gas  is  proportional  to  the  weight  of  propellant,  m,  hence 


n  =  k  m 


Substitution  of  this  expression  into  Equation  11  for  n  results 


](!->=) 


(V/mT^ 


where  a  =  k  a  and  b=kp.  If  it  is  assumed  that  equation  12  ap¬ 
plies  at  the  time  the  propellant  has  completely  burned  and  that 
the  burning  proceeds  adiabatically,  T  is  the  adiabatic  reaction 
temperature  and  the  right  side  of  equation  121s  the  force  constant . 
Hence  equation  12  reduces  to 


[P  ^  U  -  bj  =  F  (13) 

Equation  13  provides  a  means  of  measuring  the  force  constant, 
as  well  as  the  van  der  Waals  constants,  from  the  piston  displace- 
ment-time  data.  For  each  propellant  system,  three  shots  were 
selected  and  values  of  maximum  pressure  and  total  volume,  V, 
at  maximum  pressure  were  substituted  Into  Equation  13.  The  re¬ 
sulting  three  equations  were  then  solved  simultaneously  to 

\ 

yield  values  of  F,  a,  and  b. 

The  maximum  pressure  was  calculated  by  graphically  differ¬ 
entiating  the  displacement- time  data  twice  to  obtair^.the  accel¬ 
eration  imparted  to  the  piston,  and  then  by  applying  i^ewton's 

\ 

Second  Law:  ng 


(14) 


p  i  .  (^) 

^  ^  V  dt2  y 

where 

f  =  the  force  on  the  piston 

A  =  The  piston  across-sectional  area, 

0.120  in^  or  0.773  cm^ 

iiip  =  the  mass  of  the  piston,  5.00  g 

2 

*  the  acceleration 

dt*^ 

s  =  the  displacement  of  the  piston 

The  volume  at  maxinnun  pressure  was  calculated  from  the  relation^ 
ship 

V  =  +  Aa„„  (15) 

o  mp 

where 


V  =  the  internal  volume  occupied  by  the  charge 
in  the  actuator 

s^  =  the  piston  displacement  at  maximum  pressure 

Typical  graphical  differentiations  are  shown  for  lead  styphnate 

and  Al-KClO^  firings  in  Figures  11  and  12,  respectively.  These 

shots  are  the  same  two  for  which  the  original  records  were  shown 

in  Figure  10.  In  all  cases,  the  displacement-time  data  were 

plotted  in  straight  line  Increments,  and  the  average  slope  (the 

velocity)  of  each  Increment  was  calculated.  These  velocities 

in  turn  were  plotted  and  liXewise  connected  in  straight  line 

increments,  and  now  the  acceleiation  of  each  increment  was  obtained. 
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The  accelerations  were  plotted  versus  time,  and  the  maxlmuiQ  ac¬ 
celeration  and  the  displacement  at  this  point  permitted  calcu¬ 
lation  of  pressure  and  volume  from  Equations  14  and  15. 

Table  16  shows  the  input  data  to  the  van  der  Waals  equation 
for  determination  of  force  constant  for  each  propellant  system. 

The  various  quantities  were  calculated  as  outlined  above,  and 
charge  weights  were  obtained  from  Table  15.  From  these  data, 
the  simulatneous  solution  of  the  three  equations  for  each  system 
gives  the  results  which  are  summarized  in  Table  17 .  The  experi¬ 
mental  force  constant  so  obtained  is  compared  with  the  theoreti¬ 
cal  value  which  was  calculated  in  Table  14  for  an  assumed 
equilibrium  reacting  at  adiabatic  conditions.  For  lead  styphnate 
and  16/9  A1  +  KCIO^  (2/3  stoichiometric) ,  the  agreement  is  very 
good.  This  indicates,  for  example,  that  the  etjul librium  for  the 
pyrotechnic  reaction  as  suggested  in  Equation  8  actually  occurs 
experimentally.  For  lead  styphnate,  the  dissociation  of  some 
of  the  gaseous  species  as  indicated  in  Equation  7  to  produce 
more  moles  of  gas  probably  explains  why  the  experimental  force 
constant  is  slightly  higher  than  the  theoretical  one. 

The  agreement  for  the  two  aluminum-rich  systems,  32/9  A1  KCIO^ 
and  20/9  Al  NH^CIO^,  is  not  as  good.  The  possible  explanation  here 
is  that  all  of  the  aluinlnum  does  not  react  as  predicted.  This  would 
lower  the  reaction  ten|Mraturc,  which  in  turn  would  decrease  the 
aiBOunt  of  gas  produced  by  the  reaction.  Both  effects  would  result 
in  a  smaller  force  constant  value. 
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Table  17 


RESULTS  OF  FORCE  CONSTANT  DETERMINATION  AND  COMPARISON  WITH 

THEORETICAL  VALUE 


van  der  Waals 
Constants 

Force  Constant,  ft~lb/a 

Svstem 

a, 

Dsi-ceVa^ 

b. 

cc/a 

Experimental 

Theoretical 
(Table  14) 

407 

Lead  Styphnate 

87,900 

0.265 

482 

16/9  A1  +  KCIO^ 

70.300 

0.321 

294 

332 

32/9  A1  +  KCIO^ 

34,800 

0.350 

164 

327 

20/9  Al  +  NH^CIO^ 

66,900 

0.329 

362 

563 

The  validity  of  the  van  der  Waala  analysis  rests  on  the 
assuafption  that  adiabatic  conditions  prevail.  In  every  case 
conq;>lete  burning  as  measured  by  the  time  to  maximum  pressure 
occured  iin  50  (tsec  or  less.  This  length  of  time  was  short  enough 
to  permit  such  an  assusiption. 

The  one  observation  which  became  very  apparent  in  the  van 
der  Waals  analysis  was  that  the  pyrotechnic  mixtures  consistently 
took  longer  to  burn  than  the  lead  styj^ate  charges.  This  can 
be  readily  seen  by  glancing  at  Figures  11  and  12.  Here,  the 
burning  tine  of  the  A1>KC10^  as  measured  by  the  tine  to  peak 
acceleriition  was  about  50  usee,  whereas  that  for  the  lead 
styphnate  was  about  17  usee.  Variations  in  burning  characteristics 
are  bel.eved  partly  responsible  for  the  difference  in  times  at  var¬ 
ious  diitplaceiaentB  in  Table  15. 
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One  factor  which  influences  burning  characteristics  Is 
the  particle  size  distribution  of  the  powders.  It  is  recalled 
that  two  lots  of  KCIO^  were  evaluated,  and  that  Batch  2  was  a 
much  coarser  powder.  Figure  13  shows  a  comparison  of  the  per¬ 
formance  of  two  Al-KClO^  mixtures  at  identical  charge  weights 
and  using  identical  shot-start  shims,  but  formulated  from  dif¬ 
ferent  lots.  The  burning  characteristics  of  the  two  mixtures 
are  appreciably  different.  The  upper  curves  show  that  the 
coarser  Batch-2  mixture  (Shot  No.  210)  took  almost  twice  as 
long  to  burn  completely.  The  explanation  is  that  the  larger 
KCIO^  particles  require  a  longer  time  to  react  completely  than 
do  the  smaller  ones. 

Conclusions  from  Output  Studies 

The  overall  conclusion  based  on  the  output  studies  is  that 
the  2/3  stoichiometric  mixture  16/9  A1  +  KCIO^  offers  a  satis¬ 
factory  solution  to  the  problem  of  redesigning  the  actuator. 

This  mixture  in  the  first  1/8  in.  duplicates  the  piston  BK>tion 
produced  by  the  lead  styii^ate  charge  presently  used  in  the 
actuator.  This  distance  represents  the  displacement  of  most 
interest  in  actuator  operation.  Although  the  graphical  double 
differentiation  required  for  evaluation  of  the  deta  haa  deflnlta 
shortcomings,  it  did  provide  estlmetes  of  the  pressure-time  his¬ 
tories  of  the  various  propellants.  Thasa  hlstorlea  made  it  pos¬ 
sible  to  infer  something  about  the  burning  charecteriatics  of 
the  propellents  under  various  exparlsMntal  conditions,  and  to 
datermlna  the  force  constant  experimentally  from  a  van  der  Waala 
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aquation  of  state.  In  future  work,  pressure-time  will  be  measured 
directly  using  a  high  response  pressure  transducer.  This  would 
mean  that  a  double  integration  would  replace  the  double  differen¬ 
tiation  with  a  corresponding  increase  in  accuracy.  The  effects 
of  experimental  variants  sucM  as  particle  size  of  the  powders  on 
the  performance  of  the  propellant  could  in  this  way  be  measured 
directly. 
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An  Introduction  to  Advanced  Delay  Cord 

(Abstract) 

D.  S.  Olander 

Explosive  Technology  has  developed  a  series  of  standard  gasless 
delay  cords  with  burning  tiaes  ranging  fros^  0.1  to  3S  seconds 
per  inch.  Both  aluminua  and  lead  sheaths  are  available.  Typi¬ 
cally,  a  coefficient  of  variation  of  less  than  3  percent  for  a 
l-ineh  length  of  cord  has  been  aelntalned. 

Principal  advantages  of  this  new  type  of  product  are: 

(1)  Elluinatlon  of  density  discontinuities  and  the 
resultant  interface  ignition  problems. 

(2)  Availability  of  delays  for  use  by  ordnance-ltea 
aanufacturers  who  do  not  have  delay  capability. 

(3)  Capability  of  envelope  shapes  other  than  the 
conventional  small-diameter,  long-length 

\ 

envelope . 

(4)  Increased  precision  achieved  through  the  statis¬ 
tical  improvement  experienced  by  long  delay  col¬ 
umns.  The  precision  of  a  delay  column  improves 
at  least  in  accordance  with  the  square  root  of 
Increase  of  column  length. 

(5)  Decreased  gaseousness  achieved  through  the  use 
of  smaller  column  diameters  used  for  the  faster 
delay  cords. 

Seven  standard  cord  configurations  are  now  available,  and  custom 
configurations  are  available  upon  special  request. 
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AM  DUBOOUCTIOH  10  AS7AMCED  DKUT  OOIDS 
0.  E.  Olandcr 

fixploaive  Technology f  Inc. 

Historically t  develops,  iaproves,  end  redevelops  processes, 

theories,  and  itess  in  intenroven  spirals  of  sophistication.  A  po¬ 
tential  answer  to  a  problea  or  a  step  toward  a  new  goal  is  discovered, 
and  developaent  is  carried  out  to  the  satisfaction  of  the  Interested 
parties  in  relation  to  their  tine,  place,  and  goal.  Then  at  soee  later 
date,  the  concept  is  rediscovered  and  redeveloped  at  a  snra  aophlsti- 
cated  level  and  perhaps  in  relation  to  a  new,  or  at  least  as>ra  coaples, 
goal.  My  organisation *0  recent  announceawnt  of  the  availability  of 
pyrotachnle  cords  eiri>odying  precise  tisK  delays  is  an  ascellent  esanpla 
of  this  historical  spiral  trend.  The  delay  cords  I  refer  to  aieet  today's 
need  for  precise  tiailng  nomslly  found  in  pyrotechnic  colissnar  increments, 
while  re-inpartlng  the  longitudinal  flexibility  offered  by  the  now- 
unsophisticated  fabric  fuses. 

the  first  pyrotechnic  time  delay  to  be  formally  developed  and  msntvfactured 
was  undoubtedly  the  black-powder  fuse.  This  early  fuse  was  merely  a  piect 
of  string  impregnated  with  bliick  powder.  Uter  development  a  part  of  a 
new  spiral  -  brought  about  fabrlc-eheathed  blacfc-ixiwdar  fuses.  Their  limi¬ 
tations,  however,  were  great  -  ao  great  that  an  incremental  fuse  was  deve¬ 
loped,  consisting  of  a  column  of  black,  powder  praaaad  into  a  sleeve.  The 
design  controls,  and  the  wldcapread  epplicatlops  offered  by  the  delay-cart¬ 
ridge  concept  allowed  -  actually  lad  to  -  a  new  realm  of  davalopment.  Re¬ 
search  and  development  brought  about  a  idiola  new  family  of  gaa-lesa  pyro¬ 
technic  delay  compositions  piessad  into  cartridges  of  various  designs. 

The  past  20  years  have  seen  ‘:he  development  of  a  largs  number  of  different 
coiqwsltlons  in  the  gasless  pyrotechnic  realm.  During  th*  Korean  war,  this 
type  was  produced  in  various  compositions  wid  columns  with  rsmarkably  hl^ 
precision  in  large  quantities,  i.e.,  2  to  3  million  units  of  any  given 
design.  Since  that  time,  however,  production  of  delays  in  significantly  larger 
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quantities  has  been  relegated  to  a  fe»  isolated  cases.  In  greater  demand 
today  are  pyrotechnic  time  delays  produced  in  small  quantities*  perhaps 
no  more  than  a  few  hundred,  for  highly  specialized  applications.  These 
delays  are  more  reliable  under  environmental  extremes,  including  much 
higher  temperatures,  and  assure  longer  storage  life  than  those  pre¬ 
viously  manufactured. 

Many  of  today's  applications,  however,  do  not  lend  themselves  to  the  con¬ 
ventional  pressed  column  delay  configuration.  Often  the  spaces  available 
are  short  with  allowance  for  a  large  diameter  rather  than  for  the  long- 
length,  small-unit  diameter  that  was  so  prevalent  during  the  Korean  war. 

To  meet  this  new  demand,  certain  limited-edition  delay  cords  have  been 
made  in  the  industry.  Such  tentative  approaches  have  invariably  used  lead 
sheathing  because  that  is  the  principal  material  used  for  explosive  cords. 
Always,  the  pyrotechnics  manufacturer  has  assembled  these  cords  into  units 
and,  for  their  applications,  performance  has  been  satisfactory.  But  the 
nature  of  the  compositions  used  has  required  a  great  deal  of  knowledge  of 
the  exact  performance  phenomena  and  design  parameters  inherent  to  the  cord 
being  used.  As  a  consequence,  these  were  not  products  that  could  be 
disseminated  to  other  manufacturers  for  Incorporation  into  Independent 
units.  We,  therefore,  decided  to  attempt  development  of  a  series  of  delay 
cords  that  could  be  supplied  as  components  to  organizations  wishing  to 
Incorporate  them  into  larger  units  of  advanced  design. 

To  be  successful  in  this  endeavor,  we  saw  that  we  would  have  to  develop 
materials  that  were  gasless,  were  not  detonable,  and  that  could  be 
handled  under  normal  atmospheric  conditions.  In  addition,  the  sheath 
material  would  have  to  be  one  that  would  provide  geometrical  stability 
and  be  easy  to  machine.  It  was  also  obvious  that  the  precision  of  such 
delay  cords  would  have  to  be  competitive  with  that  of  well-controlled  pressed 
delay  production  line  products.  We  established  quantitative  design  goals 
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o£  4  milliliter  per  gram  at  atandard  temperature  aod  pressure  as  so 
upper  limit  of  gaseousness  that  would  be  permitted  in  a  delay  com¬ 
position,  and  3  percent  coefficient  of  variation  for  burning  rate 
through  a  1 -inch  length  of  delay  cord. 

This  1-lnch  length  is  very  important  to  predictable  reliability  and 
for  specification  of  precision  because  of  the  increased  accuracy  that 
is  obtained  in  longer  lengths.  Statistically,  the  standard  deviation 
of  a  timed  event  will  increase  in  proportion  to  the  square  root  of 
the  number  of  events  that  are  put  in  sequence.  Therefore,  if  the 
number  of  events  are  represented  by  and  the  variation  from  the 
mean  is  the  square  root  of  "n" ,  precision  is  enhanced  by  the  square 
root  of  "n".  From  that,  one  can  idealoglcally  anticipate  that  the 
Increase  of  precision  of  a  delay  can  be  no  worse  than  the  square  root 
of  the  increase  in  the  column  length  Itself.  Of  course.  Ignition  and 
end  effects  influence  the  burning  time  of  a  delay  column,  but  these 
occur  only  once  each  time.  The  longer  the  delay  column,  therefore, 
the  greater  the  potential  accuracy. 

Gas  evolutions  are  determined  in  our  laboratory  by  a  simple  method. 

We  burn  a  composition  sample  in  a  small  bomb,  which  after  burning 
is  placed  in  a  bath  at  145*C,  to  assure  complete  vaporisation  of  the 
water  generated  during  burning.  The  pressure  it  read  and,  using  ideal  gas 
laws,  the  gas  evolution  is  ascertained  at  standard  temperature  and 
pressure. 

We  have  produced  a  variety  of  delay  cords  of  dependsblc  burning  times 
ranging  from  0.1  second  per  inch  to  33  seconds  par  inch. 

Typical  gas  evolution,  coefficient  of  vsrlatlon,  and  burning  times  at 
various  temperatures  of  these  cords  are  shown  in  Table  1.  The  data  in 
Table  1  indicates  that  our  basic  design  objectives  have,  in  the  main. 
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been  achieved.  The  only  coefficient  of  variation  Hated  greater  than  3 
percent  la  at  165*F  with  the  0.2000  aecond/lnch  cord.  In  thla  burning  rate 
reala,  aalntalnlng  a  3  percent  coefficient  of  variation.  In  ualng  preaaed 
delaya  at  hl^  tenperature,  la  difficult. 

All  tlae  rangea  arc  at  leaat  aa  preeiae  aa  nomally  expected,  ualng  high- 
quality  production  technlquea.  The  gas  evolution  for  the  3-aecond  cord, 
however,  la  greater  than  the  goal  of  4  alllllltera/graa.  The  gaa  evolution 
for  thla  range  could  be  held  at  our  goal  If  we  uaed  a  cord  containing  cither 
a  tungaten  or  a  nolybdenun  coaqtoaltlon.  In  fact,  we  could  aakc  aatlafactory 
lead-aheathed  corda  in  auch  a  range,  ualng  auch  conpoaltlona.  The  auperlor 
tenperature  coefficient  of  delay  naterlala  containing  chroniun,  hotrever,  la 
ao  great  that  we  have  aelected  then  Inatead  of  the  tungaten  or  aolybdanun 
coagtoaltlona.  The  teopcrature  coefficient  of  aoat  delaya  la  approxlaately 
.08  percent  per  degree  Fahrenheit,  but  the  typical  chroniun  delay  axhlblta 
only  about  .04  percent  per  degree  Fahrenheit.  The  uae  of  auch  gaaeoua  nater- 
lal  would  seen  queationablc  were  It  not  for  the  anall  dlaneter  of  the  delay 
colunn.  Although  It  nay  be  poaalble  to  preaa  coluana  of  very  anall  dlaawter 
and  of  algnlflcant  length,  it  haa  not  been  the  uaual  practice,  and  would  ap¬ 
pear  to  be  quite  difficult  to  achieve.  Aa  a  reault,  Che  typical  preaaed 
delay  colunn  would  have  about  eight  tinea  aa  nuch  natarlal  per  unit  length 
(In  conparlaon  with  cord  delaya).  Therefore,  on  a  unlt/length  baala,  we  have 
■ore  than  achieved  the  equivalent  of  our  deaign  goal  of  4  nlllllltera/gran. 

The  colling  and  bending  of  auch  corda  have  not  algnlflcantly  affected  their 
preclaion.  Therefore,  the  anall  else  allowa  the  fuaa  dealguer  to  build  bet¬ 
ter  preclaloo  Into  hla  unit  by  ualng,  for  exanple,  a  colled  piece  of  3-aecood 
cord  Inatead  of  a  preaaed  coltnni  that  la  only  1  inch  long. 

Table  2  conparea  varioua  delay  tine  elenenta.  Typical  values  for  burning 
tine  and  gaa  evolution  are  Hated.  A  standard  deviation  eonaiating  of 
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^-pcrcent  (for  a  1-lnch  length),  along  with  perfect  Ignition  and  actua¬ 
tion  are  aasuBedt  In  addition,  the  effects  at  extreaes  in  teaperature 
are  shown  because  of  the  smaller  change  of  burning  tiae  with  changes  of 
teaperature  of  this  delay  material  compared  to  slower  burning  delay 
materials . 

The  ratios  shotm  in  Table  2  clearly  indicate  that  a  design  using  a  coiled 
cord  has  the  capability  of  reducing  the  overall  ranges  of  delays  in  this 
realm  by  half.  Of  course,  each  range  and  each  design  must  be  evaluated 
separately,  but  the  trends  in  Table  2  should  be  generally  valid. 

Let  us  compare  the  vent  space  requirements  using  the  smaller  cord  sires 
with  those  required  for  conventionally  pressed  delays  that  feature  the 
comaon  0.203-inch  column  diameter,  using  750  psis,  and  4.0  milliliters/ 
gran  as  the  conventional  column  design  parameters.  The  details  of  the 
calculations  are  euamarized  in  Table  3.  Column  2  lists  the  typical 
specific  gas  evolutions  of  the  materiel  used;  Colusm  3  presents  the 
weights  of  material  per  inch  in  cord,  and  those  of  the  conventional 
(pressed)  column.  The  gas  evolutions  of  cord  and  of  columns  per  inch  of 
length  are  shown  in  the  fourth  coluatn.  For  these  calculations,  an  aver¬ 
age  tcaqrerature  of  546  degrees  Kelvin  is  assused.  Column  5  lists  the 
flrst-flre  gas  that  must  be  sdded;  Column  6  lists  the  recommended  vent 
space  for  cord  and  colussts,  and  Column  7  gives  the  ratio  of  vent  space  of 
cord  to  vent  space  of  columns.  The  advantage  of  cord  in  this  connection 
is  obvious.  Of  course,  In  tlie  design  of  complete  units,  vent  space  must 
be  allocated  for  the  gaseous  products  of  the  ignition  source. 

It  can  be  seen  that  basic  objectives  have  been  achieved  -  that  is  to  manu¬ 
facture  delay  cords  that  compare  in  performance  with  pressed  delays.  Seven 
standard  cords  arc  now  in  stock.  These  cord  configurations  arc  shown  in 
Table  4.  The  physical  dimensions  of  the  cordc  dictate  the  types  of  delay 
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elements  that  can  be  designed.  Tne  0.10- Inch  and  the  0.15-inch- 
diametcr  cords  can  oe  bent  very  sharply  as  Indicated.  Specifically, 
the  figures  given  represent  the  limit  of  capability  of  the  respective 
cords  to  sustain  a  180-degree  bend  around  a  mandrel. 

In  designing  units,  it  is  recommended  that  somewhat  less  sharp  radii 
be  selected,  especially  in  helical  designs.  The  larger  cords  appear 
to  be  impractical  to  bend,  although  they  are  easily  machined  ““ 
especially  those  with  aluminum  sheathing.  They  can  be  faced 
off  and  counterbored  on  a  production  basis  and  given  whatever  external 
configurations  the  designer  requires.  Naturally,  cutting  oil  cannot 
be  used  and  care  should  be  taken  to  prevent  excessive  quantities  of 
pyrotechnic  waste.  It  is  recommended  that  the  machined  pieces  be 
transferred  to  desiccated  storage  as  soon  as  practical. 

The  chromium  and  tungsten  delay  cords  require  a  first-fire.  This 
first-fire  can  be  added  to  the  cords  by  any  of  several  means:  For 
instauce  an  increment  of  first-fire  cord  can  be  pressed  against  the 
surface  of  the  pyrotechnic  core  exposed  at  thJ  end  of  the  delay  cord. 

The  Explosive  Technology  first-fire  is  a  proprietary  product  for 
which  a  patent  is  pending.  It  has  approximately  50  percent  greater 
output  than  the  well-known  AlA  mixture  and  is  much  safer  to  handle. 
Surprisingly,  the  autolgnitlon  temperature,  determined  by  means  of 
differential  thermal  analysis,  is  732*C.  Its  static  sensitivity 
is  slightly  less  than  one  joule,  and  it  Is  insensitive  to  standard 
impact  and  friction  tests. 

Advantages  of  Dalay  Cords 

A  principal  advantage  is  that  no  density  discontinuity  occurs  in 
contradistinction  to  pressed  columns.  One  would  therefore 
expect  a  greater  reliability  than  that  exparlenced  with  pressed 
columnt.  because  of  freedom  from  interface  ignition  problems  as  well 
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aa  the  lack  of  relatively  unconsolidated  and  therefore  weaker  center 
sections  of  pressed  Increraent. 

In  the  reala  of  advanced  design,  standard  delay  cords  afford  senreral 
advantages <  The  most  iaportant  is  the  availability  of  shelf-stock 
delays  for  application  in  small  or  large  production  quantities,  and 
also  for  the  use  by  ordnance  designers  iffaose  organizations  do  not 
aake  their  own  delay  formulations  and  components.  Of  special  advan¬ 
tage  to  aerospace  and  defense  rocketry  are  the  bends  that  can  be 
applied  in  fast-burning  delay  cords,  thus  permitting  the  optimum  use 
of  space  available.  In  many  applications  the  cost  of  a  unit  that  has 
been  designed  with  daisy  cord  in  mind  can  be  considerably  less  than 
that  using  a  conventional  nulti-lncrenent,  pressed  delay  column.  The 
longer  the  delay  column  used  in  the  comparable  pressed  unit,  the  more 
the  economic  advantage  of  delay  cord  is  realized.  Of  course,  the 
basic,  accurate  dt  ay,  usinp  cord,  is  obtained  at  lower  cost  because 
it  is  inherently  less  costly  to  make  a  long  cord  using  our  manufacturing 
techniques  that  it  is  to  press  multiple  pyrotechnic  Increments. 

Delay  Cord  Limitations 

As  is  so  often  found  In  our  discipline,  no  single  development  offers  a 
panacea.  We  do  not  feel  that  delay  cords  in  lengths  the  order  of  1/4 
inch  are  practical.  One  or  two  increments  of  delay  material  is  usually 
more  economical  to  press  and  might  prove  slightly  more  accurate. 

Although  lot-to-lot  variation  of  the  neao  burning  time  is  not  greater 
than  10  percent,  good  design  practice  should  allow  for  lofc-to-lot 
variations. 

While  're  have  made  pressed  delays  that  bum  as  fast  as  60  milliseconds 
per  inch,  we  have  been  unsuccessful  in  our  attoipts  to  produce  delay 
cord  that  bums  accurately  if  it  is  significantly  faster  than  100 
milliseconds  per  inch. 

Ill 
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Delay  Cord  Application  PesiKO 

Delay  cord  affords  additional  flexibility  for  fuze  train  designers; 
yet  standard,  good  pyrotechnic  design  practices  must  prevail  as  always. 
First,  a  proper  vent  space  must  be  maintained  in  an  Internally  vented 
Itee.  Normally,  it  Is  poor  practice  to  pressurize  this  vent  space  to 
over  750  psi. 

As  noted  earlier,  with  all  but  the  very  fast  delay  cords,  a  flrst-flre 
properly  Interfaced  with  the  delay  material,  is  still  required. 

The  slower  and  large-diameter  delay  cords  require  provision  for  ash 
retention,  although  fortunately  this  Is  not  required  In  the  smaller 
diameter,  fast  delays.  Wltheut  a  proper  ash  retainer,  variability  can 
be  expected.  Generally,  fast-buming  pyrotechnic  delays  require  some 
sort  of  awchanical  retention  at  each  end  of  the  column.  The  fact  that 
In  delay  cord  it  Is  not  required  is  surprising,  at  first,  but  when  one 
considers  the  small  cross-sectional  area  of  the  core  of  fast'burnlng 
delay  cord,  the  lack  of  a  need  for  additional  retention  for  signifi¬ 
cantly  long  cord  lengths  can  be  at  least  intuitively  understood. 

If  sensitive  materials  such  as  lead  azide  and  lead  styphnate  are  placed 
on  the  output  side  of  a  delay  cord,  and  a  high-pressure  Internal  vent 
Is  being  maintained,  a  gas  stop  is  necessary  to  prevent  complete  gas 
passage  from  the  vent  through  the  unburned  column,  which  will  Initiate 
the  sensitive  material.  This  is  no  different,  of  course,  from  any 
standard  pressed  delay,  but  It  has.  In  the  past,  been  a  problem  in 
some  designs. 

In  summary,  we  in  the  pyrotechnics  field  now  have  an  additional  time  de¬ 
lay  fi—.e  family  available  for  a  variety  of  applications.  This  new 
family,  in  the  form  of  linear,  metal-sheathed  deflagrating  compositions, 
is  expected  to  find  extensive  application  by  the  technological  community. 

g  broad  spectrum  of  problems  related  to  today  s  design  require¬ 
ments  . 
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SPECTRAL  OBSERVATIONS  IN  ILLUMINATING  FLA^CS* 

Bernard  E.  Uouda 
U.S.  Naval  Anmunition  Depot 
Crane,  Indiana 

Tlie  purpose  of  this  presentati<»  is  to  describe  sane  of 
the  progress  being  made  toward  the  interpretation  of  the  spectral 
features  of  an  illianinating  flane  utilizing  theories  developed 
to  explain  the  shape  and  shift  of  spectral  lines.  The  illuni- 
nating  flame  being  studied  is  that  idiich  is  produced  fron 
ccnbustioi  of  magnesiim,  sodium  nitrate  and  sane  binder.  Such 
a  flame  produces  an  enoimous  asnount  of  luminats  energy.  To 
study  the  distribution  of  that  energy,  we  took  spectra  both 
with  a  scanning  spectrometer  and  a  grating  spectrograph. 

The  spectnm  oi  the  next  page  was  taken  with  a  Perkin> 

Elmer  Model  108  Scanning  Spectrane*’er  operating  at  30  scans 
per  second, As  you  can  see,  the  spectnan  of  the  flame 
shows  a  strong  broad  continuun  distributed  about  the  sodiiin 
resonance  line.  This  continuun  is  stperinposed  on  a  weaker 
background  continuun  vhich  extends  throughout  the  visible 
region.  The  sodium  related  continuun,  idiich  may  in  fact  be 
the  broadened  sodium  1)  lines,  extends  from  about  5500  angstrons 
to  7000  angstroms. 

^Presented  at  Pyrotechnits  Seminar  12-16  August  1968, 

Estes  Park  Colorado  sponsored  by  the  Denver  Research  Institute, 
Mechanics  Division,  Uiiversity  of  Denver,  Denver,  Colorado, 

80210,  Mr.  R.M.  Blunt,  Ganeral  Chairman. 
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Some  absolute  energy  measurements  have  been  made  on 
this  flame.  Of  the  total  energy  produced  by  the  corixistion 
reaction,  we  find  11  percent  in  the  visible  region.  Also, 
there  is  17  percent  of  the  total  radiated  energy  in  the  visible. 
The  effective  emitting  teniwrature  of  the  flame  is  in  the 
neighborhood  of  2900*Kelvin.  If  we  sqsarate  the 
background  region  from  the  region  about  the  sodium  D  lines, 
we  find  that  about  4S  percent  of  the  energy  in  the  visible  is 
around  the  resonance  lines,  whereas  the  background  is  cimposed 
of  about  5S  percent  of  the  total  energy  in  the  visible.  It 
might  therefore  be  said  that  sodium  alone  accounts  for  4S 
percent  of  the  energy  in  the  visible.  If  we  correct  this 
informtion  for  the  eye  response,  the  sodium  feature  becomes 
even  more  important. 

Next  I  will  show  you  a  different  form  of  the  same 
spectnaa  which  was  taken  with  a  1.5  meter  grating  spectrograph 
which  has  a  dispersion  of  IS  angstroms  per  millimeter.  The 
slit  openiiHJ  is  about  10  microns.  All  of  those  spectra  may 
be  found  in  blunt's  rqwrt  as  Plates  2,  4,  6,  8  and  9  of  ref¬ 
erence  2.  Che  important  feature  to  notice  is  the  drastic 
reduction  in  the  background  continuua  region  as  one  goes 
from  pressures  of  630  torr  down  to  20  torr.  At  the  same 
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tine,  a  narrowiiitg  or  lessening  of  the  continum  region 
around  the  sodium  resonance  lines  is  also  observed.  Further¬ 
more  at  about  150  torr,  one  clearly  sees  the  band  head  idiich 
is  formed  near  5500  angstroms. 

The  band  head  at  5500  is  as  yet  unexplained,  a  shift  of 
the  sodium  D  line  towards  the  red  region  is  predicted  but 
as  yet  has  not  been  observed  experimentally  in  these  flames. 

The  reduction  in  the  background  intensity  aixl  the  narrowing 
of  the  contimami  above  the  sodiua  resonance  lines  is  attributed 
to  two  conditions.  First,  at  atmospheric  pressures,  tlte 
flame  is  not  optically  thick  or  thin.  It  can  be  described 
as  tjeing  somewhere  inbetween.  As  the  pressure  is  reduced, 
tlie  flame  changes  from  a  teiKiency  to  be  optically  thick 
toward  an  optically  thin  condition.  This  change,  in  theory, 
should  cause  a  lessening  of  the  sodium  line  broadening.  In 
addition,  one  can  speculate  that  a  flame  temperature  reduction 
accompanies  the  change  from  an  optically  thick  toward  an 
optically  thin  system.  In  accordance  with  Planck's  function 
a  reduction  in  ten^rature  will  cause  a  reduction  in  tlie  back¬ 
ground  contiiHJun. 

This  concludes  the  description  of  the  flame  spectrun 
itself.  Next,  I  will  review  the  theories  of  spectral  line 
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foxmticn  urtiich  may  help  to  explain  the  sodium  D  line 
region  assumes  the  fora  that  it  does. 

One  of  the  objectives  of  this  work  is  to  determine  the 
nature  of  the  interaction  which  c«ises  the  continuun  about 
the  sodiian  resonance  lines  to  be  so  strong  and  broad.  Thus, 
let  us  examine  tlie  processes  which  contribute  to  the 
formation  of  a  spectral  line  of  a  gas. 

(1)  Natural  line  broadening  is  due  to  the  finite 
lifetime  of  the  excited  state. 

(2)  Doppler  broadening  is  due  to  the  motions  of 
the  atoms. 

(3)  Lorentz  broadening  is  due  to  collisions  with 
foreign  gases. 

(4)  Holtsmark  broadening  is  due  to  collisions  with 
other  atoms  of  the  same  kind. 

(5)  Stark  broadenir^  is  due  to  collisions  with 
electrons  and  ions. 

(6)  Instnmmntation  broadening  is  that  due  to  the 
apparatus  utilized  in  the  experimmt  and  measure 
ment  of  the  spectral  line. 

Because  of  the  low  tea|)erature  involved  and  information 
provided  by  Gaydon,^^^  the  Surk  effect  will  be  neglected  be¬ 
cause  of  its  9Mll  contribution.  Because  the  Lorentz  and 
Holtsmark  broadening  theories  both  deal  with  collision,  no 
further  distinction  will  be  made  in  the  remainder  of  this 
paper  and  both  will  be  included  ukier  the  ten  Lorentz 
broadming. 
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If  for  the  nonent  we  neglect  the  problem  of  instninentation 
broadening,  we  can,  at  this  point,  say  that  our  line  is  com¬ 
posed  of  natural,  Lorentz  and  Doppler  components .  These 
individual  profiles  can  be  folded  together  through  a  convolution 
integral  to  give  the  Voigt  profile.  1  have  listed  the  analytical 
representations  of  each  of  these  profiles  in  the  appendix.  For 
further  infoivation  one  should  cc<i5ult  Mitchell  and  Zemansky^^) 
and  Breene.^^^ 

The  isportant  thing  to  know  about  these  distributions 
is  that  natural  line  broadening  is  a  function  only  of  the 
lifetime  of  the  atom  in  its  excited  state.  The  Doppler 
profile  is  a  Gaussian  distribution  which  is  a  function  of 
only  the  ten|)erature  and  molecular  weight  of  the  atoms.  It  is 
not  a  fiiK:tion  of  the  concentration  of  the  atoms  in  the  gas. 

The  general  analytical  fora  of  the  Lorentz  distribution  is  the 
same  as  that  for  the  natural  broadenii^  coefficient,  however, 
the  Lorentz  broadening  profile  is  a  function  of  temperatuTe, 
particle  molecular  weight,  and  concentrations  of  the  colliding 
particles.  These  variables  are  utilized  to  cci^te  a  Maxwellian 
distribution  of  velocities  along  the  lines  of  classical  kinetic 
theory.  The  Lorentz  line  width  is  derived  from  this  distribution 
and  the  effective  velocity  cross  section.  All  these  parameters 
are  needed  to  evaluate  the  Voigt  profile. 
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If  we  review  the  literature  concerning  natural  line, 
Doppler,  and  Lorentz  broadening,  we  find  that  at  reasonably 
low  pressures  and  low  concentrations,  these  effects  often 
total  to  less  than  one  angstrom  of  line  broadening.  Further¬ 
more,  because  each  of  these  distributions  is  symnetrical,  they 
can  not  account  for  line  shift  or  asynnetry. 

Let  us  for  the  moment  neglect  the  possibility  of  line 
shift  or  line  asynnetry  and  consider  only  hew  we  might  explain 
a  1000  angstrom  broadened  sodiun  doublet  whereas  the  theory 
we  just  reviewed  might  at  best  account  for  a  few  angstrais 
broadening.  The  reason  for  this,  is  that  all  of  the  theories 
are  develoj)ed  for  s)’stems  which  approach  the  optically 
thin  condition.  In  contrast  to  this,  we  know  that  the  flame 
from  an  illuminating  flare  is  neither  optically  thin  nor 
optically  thick  and  tliat  there  is  a  gross  temperature  gradient 
over  the  cross  section  of  this  flame.  This  means  that  the 
theory  developed  for  optically  thin  systems  is  not  valid  an«I 
also  that  since  thermodynamic  equilibrium  does  not  exist 
as  evidenced  by  the  non-Planckian  spectral  distribution,  we 
also  cannot  apply  the  radiation  theory  suitable  for  optically 
thick  et^ilibrium  systems.  Clearly  then,  there  is  a  need 
for  a  new  function.  Such  a  function  aust  play  the  same  role 
in  our  non-equilibrium  radiation  transfer  problem  as  does 
the  Planck  function  to  equilibriua  situations. 
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Let  us  call  this  new  function  a  source  function  and  define 
it  as  tlie  ratio  of  cmissivity  to  cecity.  In  this  fashion, 
m  include  the  notion  of  tiiinness  to  thickness  ratio.  The 
source  function  therefore  is  the  primary  quantity  in  nan- 
equilibriian  theory.  It  is  a  function  of  position,  the  radiation 
field  and  the  atomic  level  population 

Before  we  go  further,  let  us  consider  what  essential 
physical  mechanisms  we  must  include  in  our  model.  First, 
photons  are  fed  into  the  li.ie  by  collisional  excitation  to 
the  upper  level  and  leave  the  line  ultimately  either  by  escaping 
from  the  atmDSjiiere  or  by  being  reconverted  into  kinetic  energy 
tlirough  coJlisiraial  de-excitation  of  the  upper  level. 

Secondly,  phetatj.  experience  slight  changes  in  frequency'  in 
scattering,  so  that  photons  created  near  tlie  line  center 
can  diffuse  mto  the  line  wings  where  the  ojacity  is  less  and 
moan  free  path  is  greater.  Therefore,  this  so  called 
n<x)-coherent  scattering  is  iCT|xirtant  since  it  sets  the  scale  of 
variations  in  tl»c  radiatio.)  field  by  controlling  the  distribution 
of  mean  free  {aths.  A  nuaher  of  mechanisms  cause  non-coherence.  The 
most  iaportnat  for  our  flames  arc  associated  with  floppier  and 
collision  broadening. 

The  next  step  is  to  express  the  source  function  in  terms 
of  the  radiation  field  such  that  In  the  limit  of  optical 


thickness,  the  source  function  becomes  the  Planck  function. 
Included  in  this  function  is  a  teim  which  defines  the 
probability  per  scattering  that  a  photon  is  lost  from  the 
line,  its  energy  going  back  into  kinetic  energy.  In  general, 
this  probability  term  will  depend  on  depth  in  the  flame  and 
represent  the  influence  of  the  rest  of  the  flame  on  the  line 
in  question. 

Finally,  we  need  to  express  the  source  function  in  terms 
of  the  rate  that  the  intensity  in  the  radiation  field  is 
varying  with  the  thickness  of  tlie  flame.  Once  again  the 
intensity  here  is  a  function  of  frequency  and  the  direction 
of  propagation  of  the  photons.  After  it  has  been  mathematically 
manipulated  into  convenient  form,  it  is  this  transfer  equation 
that  we  hope  to  use  to  interpret  the  broadening  observed  around 
the  sodium  resonance  line,  I  hasten  to  add  that  although  the 
solution  of  this  problem  is  not  simple,  it  is  not  hopeless. 
Hunmer^^^  has  already  successfully  used  this  radiative  transfer 
theory  to  solve  problems  in  stellar  atmospheres.  The  notions 
associated  with  the  radiative  transfer  problem  and  the  math- 
anatical  algorithm  which  I  presented  follow  closely  the  approach 
taken  by  Hummer. 

The  graphs  on  the  next  page  are  included  to  illustrate  how 
the  radiation  transfer  theory  coupled  with  broadening  theory 
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might  b«j  used  to  describe  the  spectral  features  in  the  flame. 
The  plots  are  line  intensity,  I,  against  frequency,  X. 

T  is  a  measure  of  optical  thickness  and  **a”  is  the  ratio  of 
collision  to  Doppler  broadening.  All  panels  are  plotted  for 
<  ■  10"^  vdiere  (  is  the  probability  per  scattering  that  a 
photon  is  lost  from  the  line. 

The  left  panel  shows  the  line  in  the  Doppler  broadened 
form  only.  Note  the  self-reversed  emnission  form  at  the  line 
center  and  the  line  broadening  as  a  function  of  optical  thick¬ 
ness.  As  the  ratio  of  collision  to  Doppler  broadening 
increases,  we  see  in  the  second  and  third  panels  tliat  the  lines 
become  extremely  broad,  with  a  characteristic  kink  at  the 
frequency  idiere  the  transition  from  Doppler  to  collision 
broadening  occurs.  Some  of  these  shapes  are  remarkably 
similar  to  the  line  siiape  recorded  in  our  flame. 

In  conclusion,  it  is  important  to  understand  that  this 
is  not  the  end  of  a  study  but  is  only  a  meager  beginning. 

The  approach  is  not  one  which  involves  the  derivation  of  an 
entirely  new  theory.  Rather,  for  the  first  time,  we  ore 
atten^ting  to  adapt  radiative  transfer  and  line  broadening 
theory  to  explain  the  behavior  of  the  broadened  region  around 
the  sodium  D  lines.  The  theory  has  potential  for  describing 
line  changes  due  to  Doppler  and  Lorentz  broadening  as  well 


as  those  due  to  the  non-equilibrium  nature  of  the  flame. 

Thus  it  appears  quite  probable  that  this  approach  will  not 
only  allow  us  to  describe  the  flfflj«  features  more  completely 
but  also  will  allow  us  to  learn  more  about  the  flame  in 
terms  of  its  optical  properties*  temperature  and  spectral 
distribution  with  position  in  the  flame,  particle  concentration 
and  other  parameters. 
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THE  SORCERY  AND  SCIEHCE 


OF  AEROSPACE  EXPLOSIVE  ORDNAHCE 
by  S.  A.  Moses 

Douglas  Missile  &  Space  ^stens  Division 
McDonnell  Douglas  Corporation 


"We  don't  need  ordnance  engineers;  we  need  scrcererel"  This  was  ay 
greeting  as  I  entered  the  office  of  the  eanager  of  a  high-priority 
aerospace  prograa  to  discuss  a  recent  problem.  "Why  can't  explosive 
devices  be  engineered  the  way  we  engineer  other  aechanical  devicesT" 

As  an  engineer,  I  was  baffled  by  the  aanager'  '  assertion  that 
aerospace  ordnance  devices  couldn't  be  "engineered”  the  sane  as  other 
■echanical  devices.  Has  this  because  the  aanager  wasn't  awsxe  of 
the  engineering  that  goes  into  some  of  these  devicest  Or  could  it 
be  because  he  and  I  had  different  definitions  for  englneerlngT  To 
this  aanager,  "engines:  ing”  is  the  ability  to  put  foraulas  into  a 
coBputer  and  produce  a  series  of  pat  answers  for  any  specific  problem. 
This  idea  is  intriguing  and  is  worth  examining.  Can  greater  use  be 
nade  of  the  coaqnrter  for  the  developaent  of  aerospace  ordnance 
derlcesT 

While  I  lack  the  ability  to  develop  the  necessary  coaputer  foraulas, 
it  is  possible  to  take  a  good  hard  look  at  aerospace  exploelve  ordnance 
to  indicate  areas  in  ^dilch  scientific  principles  sdght  be  applied  and 
those  that  are  still  wrapped  in  a  cloak  of  aorstery. 

Before  proceedli«  further,  perhaps  the  tern  "aerospace  explosive 
ordnance’*  should  be  defined  and  placed  in  its  proper  perspective  with 
other  explosive  applicatiotis .  Ihe  aiUtary  defines  explosive  ordnance 
as:  "a  tern  used  to  denote  ailitary  aaterial  which  normally  contains 
or  consists  of  explosires  as,  for  exasgple,  bcabs,  missiles,  projectiles, 
and  the  like."  la  the  eerocpacc  industry,  it  is  common  peactlee  to 
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divide  explosive  ordnance  into  several  categories  such  as  armament 
or  weapons,  propulsion,  escape  systems,  destruct  and/or  separation 
systems,  pyrotechnics  aad  explosively  operated  devices  -  although 
there  is  no  hard  and  fast  rule  concerning  this. 

For  the  purpose  of  this  discussion,  aerospace  explosive  ordnance  will 
be  defined  as:  "Devices  on  aircraft,  missiles  or  space  vehicles, 
excludiTig  armament  and  propulsive  units,  which  contain  deflagrating  or 
detonating  explosives." 

I  have  prepared  a  graph  indicating  the  entire  field  of  explosives  eind 
the  probable  position  of  aerospace  ordnance  in  this  field.  Along  the 
abscissa,  I  have  plotted  increasing  degrees  of  knowledge.  Along  the 
ordinate,  I  have  plotted  varioufl  explosive  applications  with  the 
diagonal  line  tying  these  sppiications  to  knowledge. 

The  first  application,  blasting,  leans  heavily  upon  field  experience. 
Although  there  is  a  moderate  background  of  theoretical  work  concerning 
blasting,  this  has  not  yet  progressed  to  the  point  where  the 
arrangement,  size,  and  firing  sequence  of  the  explosive  charges  are 
determined  by  a  computer  program.  Rather,  these  are  determined  by  a 
field  supervisor  with  years  oi’  practical  experience  but  little 
knowledge  of  rock  mechsmlcs  or  shock  kinetics. 

At  the  top  of  the  list  of  applications  i  have  placed  laboratory 
research  which  leads  to  a  better  understanding  of  explosive  phenomena. 
In  between  theso  two  limits  lie  the  areas  of  military  applications  and 
aerospace  ordnance. 

Ornltting  military  applications  for  the  time  being,  the  shaded  area 
encompassing  aerospace  ortinar.ee  tncroeches  on  both  practical  experience 
arid  advanced  theories.  It  Intrirdcs  on  and  is  United  by  the  region  of 
proprietary  information  in  one  direction  and  on  the  region  of  military 
security  in  the  other.  Whether  these  are  actually  two  separate  regions 
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or  whether  this  is  oce  region.  Inhabited  jointly-  by  both  private 
corporations  and  goremment  bnreaucorps  is  open  to  question. 

Ihe  shaded  area  Is  still  further  limited  by  the  two  amoeba- shaped 
parasites,  the  S.I.H.  (Wot  Invented  Here)  Factor  and  the  Don't  Change 
It  Syndrome.  The  former  has  the  ability  to  move  anywhere  along  the 
diagonal.  It  has  the  interesting  propejrty  that  the  higher  up  the 
diagonal  it  moves,  the  larger  it  becomes.  Remarkably,  as  it  moves 
down  into  the  region  of  proprietary  infonaatioa,  it  occupies  negative 
area.  In  this  region,  it  is  typical  to  practice  a  reverse  R.I.H. 
technique,  uore  commonly  called  piracy.  Sturprisingly,  it  grows  out 
of  all  proportions  whan  it  reaches  the  rarefied  atmosphere  found  in 
the  advanced  theoretical  regions,  as  anyone  can  testify  who  has  heard 
two  scientists  arguing  over  minuscule  details  of  their  own  particiilar 
theories. 

The  Don't  Chany --  x.  yndrome  is  a  malignant  growth  which  characterizes 
those  rrog.twis  that  ar ,  in  a  rundown  condition  due  to  lack  of  green 
stuff.  The  mere  rjndowL  the  program,  the  more  pronounced  this 
malignancy  bec^omfs  un' il,  with  some  programs,  it  completely  dominates 
the  entire  fl'Jld  of  sierospace  ordnance.  Interestingly,  the  best  cure 
for  this  condition  is  a  malfunction  resulting  in  a  critical  in;)ury  or 
fsiRllty.  Although  this  may  seen  like  bitter  medicine,  the  results 
are  almost  miraculous.  Green  stuff  is  immediately  pumped  into  the 
program  ouu  the  necessary  surgery  to  remove  the  parasite  can  then  be 
yerfortred . 

This  then  is  the  (black)  magical  kingdom  in  which  aerospace  ordnance 
must  oj)erate.  With  the  help  of  vsy  scoffing  manager  I  will  attempt  to 
survey  a  few  of  the  mazy  byways  of  this  land,  suggesting  possible 
improvements  which  might  lead  to  a  coogjuterlzed  Utopia.  Although  this 
Utopia  may  be  many  years  in  the  future,  it  is  hoped  that  sons  of  the 
paths  suggested  may  be  at  least  pointed  in  the  right  direction. 
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Those  Bevltchlng  Wames 


’'Why,''  asked  the  prograai  nanager,  ''do  you  have  cuch  oaballstlc  names 
for  explosives?  You  come  in  here  one  day  chanting  about  TRT  or  PETR 
which  I  understand  are  acronyms  of  chemical  compounds,  and  the  next 
time  I  hear  some  incantation  about  cyclotcl  or  Composition  A  which 
are  neither  acronyms  nor  chemical  names.  Why  can't  explosives  be 
neatly  categorized  in  some  simple  system  like  the  AISI  numerical 
code  for  metals?" 

I  must  admit  that  ny  first  reaction  was  to  tell  him  all  the  things 
that  I  thought  wrong  with  the  AISI  code.  Then  I  remembered  that  this 
coding  system  did  have  merit.  Furthermore,  the  present  system  of 
naming  explosives  certainly  contributes  to  their  being  identified  as 
ingredients  from  the  witches'  cauldron. 

Among  the  ccmnnon  high  explosives,  for  example,  there  are  several 
different  methods  for  naming  new  compounds  and  mixture^. 

As  indicated  previously,  there  is  one  group  identified  t>y  acronyms 
of  chemical  compounds.  TlfT  (trlulurutoluene),  DDNP  (diazodinltro* 
phenol),  and  PETS  (pentaerythrlte  tetranitrate)  are  gen'd  examples. 

A  smaller  group  is  known  by  chemical  names  without  tho  use  of 
acronyms.  These  include  lead  azide,  lead  styirtmate,  and  mercury 
fulminate,  to  list  some  common  ones. 

A  group  of  castable  explosives,  the  "tol"  group,  consists  of  mixtures 
of  TRT  and  other  materials  in  various  percentages.  Examples  include 
amatol,  baratol,  cyclotol,  and  tetrytol. 

Then  there  tre  thj  vomrusitionr  whicL  a.e  nilxtures  of  cyclonlte  (REK) 
and  other  chemicals.  I  ratter  suspect  that  we  inherited  these  fro* 
the  British  trtio  coined  the  acronym.-  BOX,  fras  "Research  Oepartnant 
Explosive."  These  compositions  appear  to  have  an  ordered  g.ouplng 
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with  all  the  "A"  ccmposltloas  being  suitable  for  press  loading,  the 
"B”  con^eitionB  suitable  for  casting,  and  the  "C”  coiqiositiotts  being 
hand  isoldable. 

There  are  other  explosives  naaed  for  individuals  (Bhleite  naa»d  for 
Dr.  &le  of  Pleat iaony  ArsenaLt.  is  an  example)  or  for  a  pea^iculaa*  use 
such  as  the  Depth  Bomb  Explosive,  DBX.  Although  several  other 
categories  could  be  mentioned,  I  think  these  fev  exaiiples  vill 
indicate  that  there  is  no  standard  method  for  naming  high  explosives. 

In  the  field  of  propellants  vhere  there  is  a  vide  variety  of 
proprietary  materials,  the  names  are  even  more  confusing.  The  Any 
gave  the  "gun"  propellemts  "M"  number,  as  they  were  standardized.  As 
a  result,  ve  have  KL,  M3>  m4,  etc.,  which  are  single  base  powders  and 
M2,  M5,  m8,  etc.,  which  are  double  base  powdersi.  Those  propellants 
which  did  not  reau±  the  standardization  stage  were  given  consecutive 
"T"  numbers  (for  "Technical,"  which  was  the  origlial  name  of  the 
Ordnance  Corps,  Research  and  Development  Division) .  In  addition,  the 
kray  also  uses  a  number  of  coomierclal  pistol  powders  which  are  known 
by  their  trade  names. 

In  the  case  of  proprietary  propellants,  the  situation  is  even  more 
confusing.  Each  manufacturer  of  propellants  has  its  own  system  of 
nomenclature  but  there  is  certainly  no  standardization  between  these 
companies.  Thus,  the  Solid  Propellant  Manual  lists  propellants  such 
as:  ARP-2569ED  and  AHP-26o8AF,  made  by  Aerojet-General;  AFU  and  CYH, 
manufactured  by  Allegany  Ballistics  Laboratory;  Arclte  251  and  362, 
which  are  compositions  of  Atlantic  Research;  and  JPL-I3I  and  60I, 
manufactured  by  Jet  Propulsion  Laboratory  to  name  only  a  few. 

Is  it  really  too  much  to  expect  that,  in  this  day  of  Instant 
information  retrieval,  a  codified  nomenclature  system  could  be 
achieved  and  put  into  useT  In  the  far  distant  future  it  might  even 
be  possible  to  pick  up  a  telephone,  dial  a  central  information  center 


and  a  code  number  imd  inmedlately  receive  a  print-out  containing 
everything  knovn  about  any  given  explosive. 

Incantations,  Spells,  and  Erplobive  Testing 

"I  am  sure,”  said  the  program  manager,  "that  the  rifle  bullet  test  for 
explosives  has  some  meaning  for  the  Arqy,  but  it  reeks  of  witchcraft 
to  ms.  I'm  used  to  dealing  with  engineering  units.  Except  for 
propellant  bxim  rate,  ispulse  values,  and  explosive  temperature,  most 
explosive  tests  don't  help  me  in  selecting  the  right  explosive  for  a 
given  application.  Can't  explosive  tests  be  designed  to  produce  real 
numbers  that  can  be  used  for  design  rather  than  meaningless 
cosparisons  to  IffT?" 

Let's  exemlne  a  few  of  the  test  methods  used  for  both  high  explosives 
and  propellants  to  determine  which  have  any  real  meaning  for  solving 
design  problems. 

Many  of  these  are  rather  ingenious  tests  idilch  were  developed  long 
before  modem  eleetronle  test  equipment  was  available.  Speaking 
quite  broadly,  these  tests  can  be  divided  into  those  concerning  the 
sensitivity,  power,  and  stability  of  the  materleil  along  Trlth 
measurements  of  the  detonation  or  bum  rate. 

The  Picatlnny  Arsenal  and  Bureau  of  Mines  drop  weight  testers  give 
only  qiumtltatlve  data  on  the  sensitivity  of  explosives.  These  data 
would  be  much  mom  meaningful  if  the  drop  height  was  defined 
statistically  rather  than  the  present  system  of  indicating  the  bei^ 
that  will  produce  one  explosion  in  ten  trials.  It  is  possible  that 
this  statistical  information  converted  into  terms  of  kinetic  energy 
might  be  useful  in  designing  initiating  systems. 

The  recent  work  by  the  Naval  Ordnance  Laboratory  goes  a  long  way 
toward  plfatft»g  sensitivity  tests  on  a  scientific  basis.  In  their 
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extensive  experlaienta  with  gap  tests,  the  sensitivity  of  a  number  of 
explosives  has  been  detenoined  as  a  function  of  the  shock  strength 
required  for  initiation.  Sicfflclent  data  have  been  collected  to 
establish  both  "no  fire"  and  "all  fire"  criteria  on  a  statistical 
basis. 

For  those  not  familiar  with  the  small  scale  gap  test,  a  standardized 
donor  explosive  is  separated  from  the  test  explosive  (the  acceptor) 
by  a  plastic  spacer  or  attenuator.  Both  donor  and  acceptor  explosives 
are  pressed  into  brass  sleeves.  When  the  donor  is  detonated,  a  shock 
is  transmitted  through  the  plastic  into  the  acceptor.  High  order  or 
low  order  detonation  of  this  acceptor  is  Indicated  by  the  depth  of 
dent  formed  in  a  steel  block.  A  low  order  is  indicated  by  a  dent 
idiich  is  less  than  half  the  depth  of  one  formed  by  high  order 
detonation.  A  determination  is  made  of  the  thickness  of  specer 
throuf^t  which  initiation  is  achieved  in  of  the  tests.  The  thicker 
the  spacer,  the  more  sensitive  the  explosive.  A  relationship  has  been 
established  between'  the  shock  pressure  arv  i.  the  required  gap  such  that : 

Log  pressure  (kilobars)  «  ^.72  -  1.^0  log  gap  (mils) . 

Tests  ^ch  measure  the  power  of  varioue  e^qplosives  are  Just  as 
mystical  as  most  of  the  sensitivity  tests  described  previously.  There 
are  tests  which  measure  the  number  of  grains  of  sand  crushed  by 
detonation  of  a  given  explosive,  the  vol\ane  of  a  cavity  formed  in  a 
lead  block,  or  the  nuaiber  and  size  of  slivers  into  which  an  artlUmry 
shell  is  fragmented.  Unfortunately,  with  the  exception  of  the  sand 
test,  the  results  are  usually  given  as  a  ct^parlson  with  THT.  Fexhape 
this  has  some  meaning  to  the  military  in  the  testing  of  new  explosives 
but  has  little  use  for  the  aerospace  engineer.  However,  with  sow 
modification,  the  dent  test  does  provide  extremely  waeful  information. 
As  previously  mentioned,  the  HOL  swal 1  scale  gap  test  identifies 
between  ttid>le  and  non-stable  detonations  by  the  differences  in  dents 
formed  in  thick  steel  blocks.  The  teete  would  be  even  more  useful  if 
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the  depth  of  dent  couIA  be  calibrated  In  te^i^  «  ?  the  eoBTsy  output  of 
the  exploslre  and  I  predict  that  thle  vlU  be  ^jufue  aom  dey. 

Teste  of  the  stability  of  explosive  materials  are  of  extreme  Interest 
to  manufacturers  and  users  of  aerospace  ordnance.  Devices  are 
fivguently  required  to  be  stored  for  long  periods  of  time,  or  to  be 
exposed  to  high  te^ratxares,  and  then  function  satisfactorily*  There 
are  a  number  of  different  types  of  stability  tests  for  eiqploslves. 

Each  of  these  gives  some  inilcatlon  of  the  decomposition  characteris¬ 
tics  at  a  given  teiiq>erature  idien  stored  for  a  given  time,  but  no 
single  test  or  combination  of  tests  gives  any  real  indication  of  the 
storage  life  of  an  explosive  device. 

Without  going  Into  details  -  these  older  high  explosive  and  propellant 
tests  include  the  following  hodgepodge: 

1.  75®C,  hour  test 

2.  100°C,  W  and  $6  hour  teste 

3.  Vacuum  stability  testa  at  1D0®C,  120®C,  and  150®C  boura) 

4.  65.5°C  surveillance  test  (up  to  20  days  and  longer) 

5.  120^0  and  134.5^0  heat  teste  (up  to  ^  hours) 

6.  Tallanl  test  (llO^C  test  for  100  minutes) 

Of  more  recent  origin  are  differential  thermal  analyele  (IXTA)  and 
thermal  grammetrlc  analysis  (TQA).  The  Tfik  test  provides  Information 
on  the  occurrence  of  exothermic  axtd  endothermic  reactions  as  the 
saaple  material  Is  heated  at  a  given  rate.  With  TOA,  the  percentage 
of  weight  lost  at  any  temperature  mey  be  dstezvlned. 

There  appear  to  be  two  major  draodncke  to  using  any  of  tl»  above  tests 
to  estimate  the  storage  life  of  an  explosive  device. 
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1.  The  derlce  usually  contains  not  one  but  a  con^lnatlon  of 
laaterlals  vhlch  may  be  reactive  or  catalytic.  This 
Indicates  that  the  idiole  derloe,  rather  than  Individual 
BtfterlalSi  should  be  subjected  to  the  heat. 

2,  Kone  of  the  above  tests  provide  an  Indication  of  the 
perforaance  degradation  of  the  aaterlal.  This  Indicates 
that  the  device  should  be  given  a  performance  test 
foUovlng  the  heating  cycle. 

Althou^  there  is  no  standard  test  for  estimating  the  shelf  life  of 
an  ordnance  device,  vlth  reasonable  assumptions  an  accelerated  shelf 
Ufa  test  appears  entirely  feasible  and  no  more  difficult  or  tine 
consuming  than  the  vell-knoun  teiqaerature-huDldlty  tests. 

As  a  suggestion,  this  test  asy  Include  the  following: 

1.  CTA  tests  of  the  reaction  componentB.  Ihese  should 
provide  Information  on  the  maxiouo  teiuperature  to  vhlch 
the  device  nay  be  exposed  vlthout  causing  exothermic  or 
endothexmlc  reactions.  The  highest  temperature  in  the 
foUovli^  tests  should  be  less  than  this  naxiavaa 
temperatxire. 

2.  Subjecting  sample  devices  to  three  different  storage 
conditions  at  elevated  taag>ermturea .  Whan  plotted  on  a 
aamd-log  tima-temparatura  graph,  thaaa  three  coodltlona 
ahould  lia  on  a  atralght  line  vlth  the  projected  storege 
life  at  ambient  taiqmratare. 

3.  FoUovlim  tha  atorage  teats,  saaple  darlcaa  should  ba 
axamlasd  for  possible  degradatian  and  other  asaplea  should 
ba  put  through  parfomanM  teats. 
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This  type  oi  testlag  Is  certalnJiy  not  the  iiitiioate  but  Is  a  step 
sbcnre  the  praMut  crystal  ball  systaa  of  estlaatlng  storage  life, 

JoraalaB  for  Migle  and  MsthcBatlos 

'*Ara  Billtary  applications  utlUslag  axploslres  conjured  up  by  trial 
sad  error  Uhe  nost  annospaee  ordnance  devlcesT"  as^Ged  the  program 
swinger.  '*Caa't  son  of  the  ssm  nth  nodels  be  used  for  both 
■Ui.tary  and  eerospace  appllcationst" 

l^.tbovt  crossing  the  barbed  wire  bouodery  l?xto  the  region  of  Billtary 
seeuritgr,  I  vlll  htteapt  to  exealne  the  exploslTe  applications  for 
ekieh  there  it  a  large  backgrounl  of  theoretical  end  practical 
Infonaitlon  susceptible  to  cnqiuterlzed  analysis.  In  the  bread 
oetaiorles  outlined,  it  vill  be  pointed  out  that  for  ellitary 
qpflieatloaaa,  cue^nter  aosOyels  ie  arailable,  vhereae  this  is 
rarely  the  ceee  with  siailar  aerospace  explosive  applications,  nie 
first  of  these  categories  has  to  do  with  interior  ballistics. 

An  artillery  shell  or  rifle  bullet  is  nonsally  designed  to  hare  a 
giran  Kusle  r^locity.  This  aust  b«  aecoetpUsbed  while  naintainlng 
ths  preeeure  in  the  gun  t'J»e  below  a  esrtain  critical  lerel.  Ihe  gas 
levs  Tar  solring  this  prcblea  are  well^kaown  and  it  is  safe  to  say 
that  both  arsenals  acd  gun  ■saufactunsrs  bare  the  ehllity  to 
cowwtenie  thle  paroblwif  thereby  selecting  the  coarect  weight  end 
type  of  paK^Usot  reisuirsd  foi^  optlmei  perforaance. 

la  the  field  of  eeroepaee  ordnance,  interienr  bailletic  forwlae  ere 
used  for  the  derelopBent  of  drogue  ^uns  end  iteaa  which  fall  under  the 
broad  category  of  propellant  actuated  derlces  (PAD).  Mother  these 
are  designed  by  eongioter  «mlysia  or  the  ecroerer's  slip  stick  will 
dspsoi  largely  on  the  quanUties  desired.  If  the  maufacturlng 
poteoUal  is  sufflcieirtly  large  to  Interest  one  of  ths  giants  of  the 
ssploelras  industry,  eosvutsr  analysis  win  be  called  into  play  to 
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solve  the  associated  interior  ballistics  problems.  li,  or  the  other 
hand,  onl^  a  limited  number  of  devices  are  required;  uie  contract  viU 
\isualljr  go  to  one  of  the  smaller  explosive  ordnance  conqwnies  and  bo 
solved  by  an  engineer  working  without  the  aid  of  a  computer.  Because 
the  engineer  may  be  familiar  with  the  bxmi  characteristics  of  only  a 
few  propellants  and  as  be  cannot  rely  on  the  huge  memory  bank  of  a 
cooputer,  the  final  design  may  not  be  ''optimum"  but,  through  triad, 
and  error,  can  be  made  both  workable  and  reliable. 

Ihe  second  explosive  category  I  would  like  to  discuss  haus  to  do  with 
the  development  of  solid  propellant  rockets.  Here  it  goes  without 
saying  that  the  design  of  the  propellant  grain  for  all  military 
rockets  and  aerospace  vehicles  is  subjected  to  computer  analysis. 

As  I  have  eliminated  propulsive  imits  from  my  definition  of  aerospace 
ordnance,  this  leaves  only  such  items  ais  spin  rockets,  retrorockets, 
amd,  by  stretching  a  point,  gas  generators  to  consider.  Assuming  that 
the  designs  of  all  rocket  motor  grains,  whether  large  or  small,  are 
subjected  to  coeqptiter  analysis,  I  will  turn  m/  attention  to  the  design 
of  gas  generator  groins.  These  have  a  vide  range  of  applications  la 
aerospace.  To  naune  a  few:  gas  generators  are  often  used  to 
pressurize  hydraulic  systems,  to  supply  hot  gas  for  control  systems, 
to  inflate  floatation  devices,  and  for  many  other  purposes. 

Designing  the  propellant  grain  for  a  gas  generator  is  in  soms  cases 
much  simpler  and  in  others  more  complex  than  desiring  a  rocket 
propellant  graun.  In  the  simplest  case,  a  gais  generator  loay  be 
desired  in  which  an  equal  volume  of  gas  per  unit  time  is  to  be 
delivered  for  a  required  period.  Fbr  this,  it  Is  relatively  eaay  to 
design  a  cigarette  burning  grain  with  Its  oecossary  controLLing 
orifice. 

Greater  difficulty  is  experienced  when  the  beat-sinking  characteristics 
of  the  system  wst  be  taken  into  account.  The  site,  shape,  and  material 
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of  the  propellant  grain  will  depend,  to  a  largs  extent,  on  the  waefce 
heat  lost  to  the  system.  Unfortunately,  some  of  the  coapei^os 
manufacturing  gas  generators  do  not  hare  math  models  for  coapllcatel 
heat  loss  equations  and  although  good  approximations  be  made. 

"  a 

final  shaping  of  the  gas  generator  grain  is  usually  made  on  a  trial 
and  er.-or  basis.  This  process  will  be  largely  eliminated  in  the 
future  as  more  and  more  small  explosive  conipanies  mav*  use  of 
ccnputer  prcgramming  service  organizations. 

Anot!*.:*  application  of  explosives  has  to  do  with  the  formation  and 

acceleration  of  metii  fragments.  A  grenade,  warhead,  or  other 

fragmentdtiv i  munition  is  normally  designed  to  be  effective  against 

certain  classes  of  targets.  For  optimum  performance,  the  designer 

should  know  the  characteristics  of  the  target  as  well  as  the  mass, 

velocity,  and  distribution  of  the  fragments  from  the  munition.  These 

can  then  be  related  back  into  the  munition  design  to  determine  such 

factors  as  the  size  and  shape  of  the  munition,  the  type  of  explosive,  « 

and  the  fuzing  characteristics. 

♦ 

Utilizing  such  aids  as  the  Gvmiey  or  Stem  formulas  for  determining 
fragment  velocities,  the  Shapiro  formula  for  fragment  direction  and 
DeMaro's  emplrlceuL  equation  for  target  penetration,  the  design 
engineer  can  'sake  any  number  of  computer  runs  simulating  different 
snuiltlon  and  target  chaxacterlstlcs  to  obtain  information  on  the 
expect  .>d  effectiveness  prior  to  conmiitting  expensive  hardware  for 
test  purposes. 

Ihxfortunately,  this  well-established  technique  finds  little 
application  for  aerospace  devices  because  of  the  limited  need  for 
high  velocity  fra^  .ients.  With  the  exception  of  some  destruct  s^-stems, 
almost  the  only  requirement  involving  high  velocity  fragments  comes 
when  it  is  necessary  to  initiate  dv^tonating  fuse  end  fittings 
separated  by  an  air  gap.  When  the  gap  is  •mall,  the  donor  fitting 
initiates  the  acceptor  by  a  combination  of  shock  and  fragment  In^et. 
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Ail  title  gap  1b  Increased,  the  shock  isipactlag  on  the  acceptor  is  less 
and  may  not  result  In  reliable  initiation.  At  this  distance  and 
beyond,  initiation  of  the  acceptor  aay  be  achlered  by  fragment  impact. 

This  appears  to  be  a  situation  that  is  amenable  to  computer  analysis, 
yet  ae  fa^'  as  is  known,  this  has  not  been  done.  When  this  analysis 
is  accoo^lished,  undoubtedly  the  aerospace  industzy  will  be  benefited 
by  the  development  of  more  effective  end  fitting  designs. 

Again,  in  the  area  of  shaped  charge  developasnt,  there  is  good 
evidence  that  military  munitions  are  designed  utilizing  veH- 
establlshed  formulae  relating  the  pressure  in  the  detonation  front, 
the  formation  of  the  Jet,  and  the  penetration  of  the  target  by  this 
Jet,  In  the  field  of  aerospace  ordjoance,  linear  shaped  charges 
(LSC)  are  generally  used  for  skin  cutting  applications,  v<hlle 
conical  shaped  charges  are  xised  in  some  destruct  systems. 

As  most  companies  manufactxiring  linear  shaped  charges  supply 
Informatior.  regarding  the  thickness  of  varioxis  materials  which  can 
be  cut  by  their  charges,  the  application  of  I£C  is  relatively 
straightfvUveird.  However,  when  it  ccanes  to  the  use  of  conical  shaped 
charges  for  the  destruction  of  solid  rocket  motors,  this  Is  Indeed  a 
''black  art,"  As  far  as  can  be  ascertained,  no  work  has  been 
published  on  the  penetration  of  the  Jet  into  propellants  or  the 
mechanism  whereby  solid  propellants  may  be  initiated  (destrucstively) 
by  a  shaped  charge  Jet.  As  a  resiat,  destruct  charges  of  this  nature 
are  normRiiy  overdeslgned.  The  typical  attitude  Is  that  if  a  quarter 
pound  charge  will  suffice,  a  poimd  charge  will  do  it  better.  This  is 
usually  satisfactory  to  range  safety  personnel  because  this  results 
in  a  big  "bang"  when  the  destruct  button  is  pushed.  However,  the 
attitude  is  rather  frustrating  for  an  engineer  attenq>tlng  to 
establish  design  criteria. 
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Althou^  onl^  a  fov  applicationa  hare  been  cited  here,  the  picture  is 
rather  clear.  Jtjaovledge  exists  of  many  of  the  basic  fundamentals  vhlch 
allov  coii^uter  analysis  for  the  derelopeient  of  aerospace  devices*  la 
fact,  many  computer  pin^graas  nay  now  exist,  hidden  in  the  regions  of 
proprietary  information  or  military  securl-^. 

Whether  the  programs  exist  or  not,  the  desire  for  this  -type  of  analysis 
must  be  generated  and  funded  by  the  using  organization.  'IMs  is,  of 
course,  far  different  from  -the  -typical  reguest  in  which  -the  manu¬ 
facturer  is  asked  for  a  small,  number  of  already  qualified  "off  the 
shelf"  l-tems  for  immediate  delivery* 

Even  time  and  funds  be  made  available  for  oosputer  analysis, 

the  requirement  for  this  type  of  work  must  be  clearly  -transmitted  to 
the  manufactxarer.  I  remember  one  developaent  program  for  which  a 
proposal  was  sent  to  a  nunibar  of  manufacturers  of  ordnance  devices. 

The  proposal  -work  statement  indicated  -that  "in  the  selection  of 
materials,  mathematical  analysis  was  desired  but  not  mandatory." 

Of  the  proposals  received,  not  one  offered  an  analysis  for  the 
selection  of  the  explosive  materials,  although  one  manufacturer 
did  perform  an  analysis  to  determine  the  strength  of  the  screw 
-thjreads. 

As  this  paper  has  touched  on  magic  and  sorcery,  I’d  Ilka  -to  end  it 
by  roceJJlng  a  scene  from  that  classic  motion  picture,  "The  Wizard 
of  Oz." 

In  that  scene,  the  Great  Oz  grants  some  longed-for  wishes  in  an 
interesting  fashion. 

The  Scarecrow,  who  wanted  a  brain,  receives  a  diploma,  Msgna  Cun 
laude.  Who  would  question  his  having  a  brain  If  he  had  such  an 
iiqposing  diploma? 
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The  Tin  Wbodnan,  vho  vanted  a  heart,  received  a  teatlnoolal  praising 
his  benevolence  for  vho  can  show  benevolence  vithoiit  a  heart? 

The  Cowardly  Idon  vas  satisfied  with  his  aedal  for  bravery.  With 
this  on  his  chest,  vho  vould  dare  call  hla  a  coward? 

I  only  wish  that  I  could  play  the  Oreat  Oz  and  conjure  up 
coaq^uterlzed  solutions  for  aerospace  ordnance.  Only  then  would 
the  prograa  manager  be  eonvlnoed  that  e:q>losive  devices  could  be 
engineered. 
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Some  background  information  is  necessary  to  an  understanding  of  the 
reasons  for  this  discussion.  On  29-30  November,  1967>  the  Military  Pyro¬ 
technics  Section  of  the  Artillery  Division  of  the  American  Ordnance 
Association  met  at  Fort  Bragg,  North  Carolina.  I  had  been  honored  by  a 
Request  to  speak  at  that  meeting  and  discussed  "Education  for  Ordnance 
Scientists  &  Engineers".  That  discussion  was  based  upon  a  meeting  that 
had  been  held  on  August  17-l6j  19^7  at  Hall  Lodge,  Grand  Lake,  to  consider 
the  areas  and  depth  of  treatment  that  would  be  appropriate  in  a  series  of 
formal  courses  aimed  at  the  research  people  working  in  Ordnance.  This 
latter  meeting  was  attended  by  Mr.  William  Cronk,  of  the  Illumination 
Brwch,  Targets  and  Missiles  Division,  Air  Force  Araament  Laboratory, 

Eglin  Air  Force  Base,  Florida;  Mr.  B.  E.  Douda,  Research  Branch,  Concept 
Development  Division,  Research  &  Development  Department,  U.  S.  Naval 
Ammunition  Depot,  Crane,  Indiana;  Messrs.  R.  Fay,  R.  E.  Williams,  J. 
Kottenstette ,  R.  Blunt,  Denver  Research  Institute,  University  of  Denver. 
Invitations  also  were  extended  to  personnel  of  Picatinny  Arsenal  and 
Frankford  Arsenal,  but  they  were  unable  to  attend.  This  Grand  Lake 
meeting  in  turn  stemmed  from  one  held  on  March  22,  196?  at  which 
Dr.  R.  Griskey  of  the  Department  of  Chemical  Engineering,  Dr.  A.  Ezra, 

Dr.  R.  Evans  and  Mr.  R.  Blunt  of  DRI,  Mechanics  Division  and  Mr.  C. 

Lundln  of  DRI,  Metallurgy  Division,  discussed  the  concepts  of  an  ordnance 
engineering  option  and  a  sumaer  course  in  ordnance  engineering.  It  was 
agreed  that  these  ideas  should  be  developed,  beginning  with  the  summer 
course.  This  present  seminar  is  not  a  formal  course,  but  it  does  represent 
the  first  step  in  the  direction  of  a  summer  ojurse  and,  hopefully,  the 
creation  of  a  series  of  related  courses  that  might  be  termed  an  ordnance 
option  in,  say,  mechanical  engineering.  In  view  of  the  current  strong 
feelings  of  some  of  the  members  of  the  University  coamunity  in  the  United 
States,  it  may  be  necessary  to  de-emphaslze  the  association  with  military 
terns  such  as  ordnance.  Several  possible  titles  for  an  option  have  been 
suggested,  but  no  choice  is  really  needed  just  yet. 

I  hope  that  this  bit  of  history  will  give  you  who  are  attending  this 
seolnau'  a  better  perspective  on  it.  Brigadier  General  Hiester,  Colonel 
Hinricks  of  the  Army  Office  of  Personnel  Operations,  Dr.  Simecka  of  Eglin 
Air  Force  Base,  Dr.  J.  T.  Thomas  of  the  Amy  Materiel  Cosminnd,  Brigadier 
General  Ervin  Graham,  Aberdeen  Proving  Ground,  Mr.  Burton  Calkins,  U.  S. 
Naval  Amunitlon  Depot,  Crane,  and  many  others  have  been  kind  enough  to 
write  and  encourage  us  to  develop  this  Idea.  I  hope  that  all  of  you  will 
express  your  opinions  of  this  seminar,  of  what  formal  courses  in  ordnance 
research  should  encompass  and  of  the  duration  and  content  of  a  suBmer 
course.  Express  your  opinions  in  a  letter,  if  you  will,  and  be  completely 

frank. 

At  present  there  is  no  foniial  course  in  Ordnance  Engineering  or 
Science  available  at  any  of  the  public  or  private  U.  S.  universities  so 
far  as  is  known.  Those  of  us  who  are  now  working  in  ordnance  problems 
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have  received  our  formal  educatio.i  in  diverse  fields  encompassing  most  of 
those  considered  a  part  of  the  usual  engineering  or  science  curriculum. 

This  background  has  obviously  been  of  value  when  one  views  the  accomplish¬ 
ments  of  ordnance  research  over  the  years.  There  is,  however,  an  induction 
or  learning  period  involved  when  someone  first  enters  this  field.  To  a 
lesser  extent,  this  is  also  true  when  a  shift  in  work  requires  a  person  to 
move  from,  say,  smokes  to  flares.  Consequently,  a  longer  period  is  re¬ 
quired  for  the  ordnance  scientist  to  progress  on  his  own  than  is  needed 
in  other  fields.  In  addition,  there  is  often  an  element  of  hazard  associated 
with  this  area  of  research  that  is  absent  or  at  a  much  lower  level  in  the 
work  done  in  other  fields.  This  hazard  element  further  slows  the  progress 
of  the  new  worker  for  he  must  acquire  reliable  data  on  it  before  he  can 
proceed  with  his  main  task  of  research.  The  quality  of  the  work  that  is 
done  may  also  suffer  because  of  excessive  caution  on  the  part  of  the 
inexperienced,  or  conversely  because  of  its  absence  when  experience  would 
dictate  prudence. 

With  that  bit  of  background  as  a  basis,  I  would  like  to  offer  some 
suggestions  as  to  the  material  tnat  would  be  useful  to  someone  working  in 
the  specific  ordnance  area  of  pyrotechnics.  These  suggestions  are  drawn 
from  personal  experience  and  from  discussions  with  a  number  of  people.  It 
is  my  hope  that  by  presenting  them  before  this  group,  further  helpful 
comments  and  opinions  will  be  expressed.  Perhaps  next  summer  it  will  be 
possible  to  offer  a  useful  course,  in  which  the  substance  of  these 
suggestions  or  requests  can  be  incorporated. 

As  a  starting  point  from  which  a  design  may  he  constructed  for  the 
education  of  pyrotechnicists ,  I  believe  the  basic  areas  of  study  should 
be  defined.  To  me,  these  would  be  General  Chemistry,  Physical  Chemistry, 
General  Analytical  Chemistry  and  Chemical  Instrumentation  from  the  general 
field  of  chemistry.  Optics,  Spectroscopy,  Radiometry  and  Photography 
from  the  general  area  of  Physics,  From  Mathematics,  use  of  both  the 
digital  and  analog  computers.  Engineering  should  provide  for  Strength 
of  Materials,  Properties  of  Materials,  Machine  Design,  Statics  and 
Kinematics.  An  often  neglected  area  that  is  very  important  is  the  use  of 
library  and  other  reference  facilities. 

There  can  be  a  great  deal  of  discussion  on  questions  regarding  oy 
inclusion  of  photography,  for  example,  under  physics.  I  don't  think  such 
points  aie  important,  so  long  as  the  material  itself  is  available.  In 
other  words,  I'd  like  to  have  criticisms  based  on  the  content  or  lack  of 
It  instead  of  the  classification  I've  used. 

In  each  of  the  proposed  areas  a  saore  detailed  description  con  be 
provided  as  a  guide  tu  the  meaning  intended  by  these  rather  general  terms. 

?br  that  purpose  the  following  outline  is  offered;  I  have  assumed 
that  the  Individual  taking  these  courses  has  a  bachelor's  degree  in  science 
or  engineering.  In  a  group  made  up  of  such  persons,  sooe  might  find  a 
repetition  in  these  courses  of  some  they  have  already  had.  For  that  reason 
ana  also  because  it  is  generally  very  stimulating  and  vitalizing  to  a 
class,  it  would  be  best  if  courses  were  taught  by  persons  who  hrve  actual 
experience  and  an  active  Interest  in  pyrotechnics.  This  probably  camot 
be  arranged  in  every  instance  but  should  be  ccxvsidcred  a  goal  to  achieve. 
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Ehfen  repeated  material,  when  presented  from  a  fresh  viewpoint  directly 
related  to  the  students  alms,  can  be  interesting  and  productive  of  new 
thoughts . 

The  outline  is  intended  to  be  descriptive,  more  than  definitive. 

The  following,  colored  by  my  own  experience,  is  offered  as  a  starting 
point  for  discussion. 

A.  Physics 

Assume  a  reasonable  background  for  the  Individual;  perhaps  one  full 

year  of  University  physics. 

1.  Optics. 

a.  General  Geometrical  Optics  as  a  basis  for  simple  instrument 
design  and  operation.  8  hours. 

b.  Physical;  enough  to  appreciate  the  need  for  physical  optics 
in  design  of  precision  equipment  &  lasers.  8  hours. 

c.  Photography  -  X-ray,  still,  high  speed  single  and  high  speed 
motion  pictures.  Present  the  fundamentals,  expand  to  discuss 
use  of  these  specialized  techniques.  Demonstrate  at  ranges, 

2.  Spectroscopy  -  This  is  based  on  optics,  but  is  really  a  distinct 

specialty. 

a.  Fundamentals  from  optics  plus  atomic  and  molecular  theory. 

4  hours . 

b.  Visible  a.nd  Ultraviolet  Spectroscopy 

1.  Analysis  -  standard  techniques  of  determining  elements. 

2  hours. 

2.  Spectrophotometry  -  to  teach  the  methods  and  their 
accuracy  limitations  in  determining  color  and  intensity 
of  radiation.  3  hours. 

3.  Spectral  pyromctry  by  line  reversal,  one-two  or  three 
"color",  relative  intensity;  emlssivity.  3  hours. 

c.  Infrared  Spectroscopy 

1.  Analysis  and  Structure  determination;  general  foundation 
plus  description  of  special  requirements  of  transmission 
and  detection  in  the  1  to  15  micron  region. 

2.  Determination  of  molecular  species  in  rocket,  Jet  or 
flare  flames.  Application  to  determination  of  Miies.,vitles 
and  to  temperature  from  vibration- rotation  bands.  4  hours. 

3.  Radiometry  -  Total  and  Spectral  Radiometry.  Basic 
apparatus,  applications  to  measurement  of  energy  radiated 
from  source  and  to  seeker  systems  (l.e.,  Sidewinder). 

4  liour.«  .  1  ri 


B.  Cheniatry 

Assume  a  background  of  general  inorganic,  inorganic  quantitative 
analysis  and  general  organic  chemistry. 

1.  General  Chemistry  -  good  refresher  on  assumed  basic  courses,  k  hours. 

2.  Riysical  Chemistry 

a.  Reaction  Kinetics,  8  hours,  simple  presentation;  prediction 
of  rates,  probable  reactions. 

b.  Thermochemistry,  4  hours.  D.T^A,:  T.G.A.,  Flame  Chemistry. 

c.  Chemistry  of  Propellants,  6  hoars. 

d.  Chemistry  of  Flares,  6  hours. 

e.  Chemistry  of  Explosives,  b  hours. 

f.  Chemistry  of  Smokes,  3  hours. 

C.  Mathematics 

Assume  university  algebra  suid  integral/differential  calculus, 
differential  equations. 

1.  Chemical  calculations,  refresher,  2  hours. 

2.  Use  of  computer,  6  .hours. 

a.  Information  storage  and  retrieval. 

b.  Modelling  of  propellant  streuid  burning. 

c.  Theroochemical  calculations. 

d.  Optical  design. 

c.  Bal_. sties,  internal,  external, 
f.  Systems  analysis. 

D.  Library  4  hours. 

1.  Use  of  government  doevsaents. 

2.  Library  of  Congress  catalogue  system  vs.  Devrey  Decimal. 

3.  Bibliographic  sources,  "Citation  Index",  etc. 

E.  Engineering 

1,  Strength  and  Properties  of  materials;  e*5)hMis  on  exotics  after 
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covering  the  fundamentals,  8  hours. 

2.  High  Energy  forming  processes  -  magnetic,  explosive,  6  hours. 

3*  Machine  Design  Principles,  4  hours,  for  those  who  design  fuzes 
for  bombs,  etc. 

4,  Mechanics,  4  hours,  Dynamics  and  statics  refresher. 

5.  Reliability 

Ordnance  Laboratory,  24  hours. 

1.  Safety  practices. 

2.  Use  of  explosives. 

a.  Demolition. 

b.  Fragmentation  (grenades,  etc.) 

c.  Separation,  explosive  bolts. 

d .  Metal  forming . 

3.  Formulation,  manufacture  and  burning  of; 

a.  Illuminating  flares. 

b.  Signal  flares. 


C  e 

Ssx)kes . 

d. 

Flaah  bombs . 

4. 

High  Speed  Riotography 

A. 

S ingle 

b. 

Motion 

Background  Courses 

1. 

Military  Pyrotechnics. 

a. 

History. 

b. 

Requirements,  current  usage. 

c . 

SuiBiary  of  atate-of-the  art. 

d. 

Future  developments. 

2.  Military  Propellants, 
(as  in  G-1  above) 


3.  Military  ExploBlvea. 
(as  in  G-1  above) 


4.  Underwater  Ordnance. 

(as  in  G-1  above) 

5.  Initiators  and  Fuzes 
(as  in  G-1  above) 

This  is  far  too  much  material  to  cover  in  anything  less  than  a  year, 
but  a  choice  can  be  made  from  this  material  to  be  presented  in  a  one-treek 
seminar,  or  in  a  concentrated  six  week  course  sequence  with  credit  or  in 
various  other  ways. 

As  a  beginning  emd  with  these  considerations  in  mind,  it  appears  that 
enough  can  be  accomplished  toward  Improving  the  skills  of  both  newcomers 
and  the  worker  who  has  some  years  of  experience  to  justify  a  one  week 
seminar.  Note  the  difficulties  presented  by  the  diversity  of  backgrounds 
anticipated  of  those  who  would  attend.  Those  who  agree  to  help  present 
this  first  seminar  should  be  aware  of  this  problem  and  present  the  material 
accordingly. 

Some  attention  should  be  given  to  the  desirability  of  presenting 
survey  lectures  that  would  be  of  most  value  to  research  managers,  versus 
the  presentation  of  areas  in  depth  for  the  benefit  of  the  laboratory 
worker.  It  appears  that  both  needs  exist  and  that  a  questionnaire  may  be 
needed  to  aid  in  establishing  the  proper  balsuice  between  them  in  the 
seminar.  Your  comaents  in  this  area  would  be  most  helpful. 

A  certificate  of  attendance  would  be  presented  to  those  who  attend 
the  entire  seminar  and  text  materials  would  be  provided,  cost  included  in 
the  fee . 

Some  assessment  of  the  financial  base  to  support  such  a  seminar  was 
made,  a  charge  of  the  order  of  $20C  -  $300  was  felt  to  be  reasonable. 

This  might  be  reduced  If  anticipated  attendance  were  of  the  order  of  50  or 
more.  Your  opinions  on  this  figure  arc  solicited. 

AccoBSnodations  in  either  University  doraitories  or  elsewhere  can  be 
provided,  with  the  choice  left  up  to  the  Individual. 

With  a  successful  seminar  or  two  of  this  kind,  the  development  of 
a  formal  engineering  or  science  option  should  follow. 

In  closing,  I  must  express  ay  sincere  and  very  deep  appreciation 
of  the  support  and  encouragement  I  have  received  from  many  people  in 
endeavoring  to  put  ordnance  amd  pyrotechnluc  cn  a  plane  of  acceptance 
which  corresponds  to  that  accorded  to,  say,  chemistry,  physics  and  the  vari¬ 
ous  ergineering  disciplines.  .Many  people  in  this  room  are  snich  better 
qualified  than  I  am  to  do  this;  I  hope  they  will  continue  to  help. 

Particular  thanks  are  due  to  Mr.  Bill  Crook,  who  initiated  this  reaction, 
and  to  Mr.  Bemle  Douda  and  the  whole  Keaearch  and  Developsent  Department 
of  the  Haval  Aa*unition  Depot  at  Crane  who  have  been  outstanding  in  their 
support  of  this  seminscr.  Thank  you. 
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While  niost  high  speed  di^tjfeiil  computer  programs 
dealing  with  high  temperature  che®|i-cally  reacting  mix¬ 
tures  have  been  priroarily  concem^fe  with  the  calculation 
of  theoretical  rocket  performance  lOf  chemical  propellants, 
almost  the  entire  work  involved  is  in  the  determination 
of  the  equilibrium  composition  and  temperature,  of  the 
reaction  products.  Hence,  with  j^uiteble,  and  usually 
minor  modification,  almost  any  of  the  commonly  used  pro¬ 
grams  can  be  adapted  to  efficiently  solve  the  general 
problem  of  computing  chemical  equilibrium  compositions. 
Successful  application  in  areas  remote  from  that  of  rocket 
performance  prediction  include  hazards  evaluation,  op¬ 
timization  of  chemical  synthesis  processes,  and,  of  course, 
the  theoretical  evaluation  of  pyrotechnic  flares. 

The  equilibrium  composition  for  a  reacting  mixture 
at  a  given  temperature  is  computed  by  finding  that  compo¬ 
sition  which  satisfies  the  mass  balance  and  total  pressure 
constraints  as  well  as  satisfying  all  of  the  simultaneous 
equilibria  involved.  The  classical  solution  has  been  to 
list  the  possible  reactions  and  set  up  a  series  of  simul¬ 
taneous  nonlinear  equations  involving  element  mass  bal¬ 
ances,  equilibrium  constants,  (for  each  of  the  individual 
equilibria),  and  total  pressure.  Obviously,  for  complex 
systems,  the  resulting  set  of  equations  becomes  unwieldy. 
Ultimate  solution  is  quite  sensitive  to  initial  guesses; 
convergence  is  dependent  on  the  selection  of  major  and 
minor  products,  and  important  products  tend  to  be  over¬ 
looked  if  the  reactants  or  reaction  conditions  are  un¬ 
familiar. 

The  free  energy  minimization  method,  introduced 
by  Wlaite,  Johnson  and  Danzig  and  extended  to  include 
condensed  phases  by  Kubert  and  Stephanov^^^ ,  overcame 
these  difficulties,  and  is  widely  used  today.  Basically 


158 


4 


the  free  energy  minimization  method  differs  from  the 
classical  procedure  in  that  the  mathematics  are  perfectly 
general  with  respect  to  system  chemistry.  Ilather  than 
considering  individual  equilibria,  the  distribution  of 
all  possible  species  is  established  through  the  mathe¬ 
matical  technique  of  minimising  the  system  free  energy. 

By  including  all  species  which  could  possibly  form,  a 
solution  can  be  achieved  which  is  independent  of  stoi¬ 
chiometry  or  pressure  and  temperature  level.  Theoretical 
accuracy  is  limited  only  by  the  completeness  and  precision 
of  the  thermodynamic  data.  Insensitive  to  system  com¬ 
plexity,  the  free  energy  minimization  method  is  ideally 
adaptable  to  modem  digital  computers. 

The  general  mathematical  procedure  can  be  outlined 
quite  briefly.  By  starting  with  an  expression  for  the 
free  energy  of  a  mixture  of  assumed  composition,  the  free 
energy  of  the  unkno^m  equilibrium  mixture  can  be  expres¬ 
sed  in  terms  of  the  assumed  mixture  and  of  unknown  changes 
which  represent  the  difference  between  the  assumed  initial 
composition  and  the  final  equilibrium  composition.  This 
expression,  a  quadratic  approximation,  involves  the  first 
two  terns  of  a  Taylor  series.  The  quadratic  approxima¬ 
tion  to  the  minimum  free  energy  is  then  minimized  by  using 
the  teclmiquc  of  Lagrange  multipliers,  which  enables  the 
simultaneous  satisfaction  of  the  mass  balance  constraint. 
Tl^se  manipulations  yield  a  set  of  linear  simultaneous 
eqviations  equal  in  number  to  one  more  than  the  total  num¬ 
ber  of  elements  plus  the  total  number  of  condensed  species 
The  solution  of  this  set  of  equations  results  in  a  cor¬ 
rected  composition  which  is  approaching  minimum  free 
energy.  By  iterating  through  this  procedure  until  the 
difference  between  successive  compositions  is  negligible, 
a  minimum  free  energy  composition  is  found.  When  the  meth 
od  is  applied  to  combustion  processes  and  programmed  for 
a  high  speed  digital  computer,  the  addition  of  a  ''con¬ 
servation  of  enthalpy"  constraint  enables  the  automatic 
convergence  to  the  adiabatic  flame  temperature . 

The  classical  method  has  also  been  modified  for  use 
v^ith  high  speed  digital  computers.  By  using  a  linear  set 
of  correction  equations  to  approximate  the  nonlinear 
equations  defining  tlic  problem,  a  completely  general  sol¬ 
ution  can  be  obtained.  While  the  conditions  for  equil¬ 
ibrium  are  given  in  terms  of  free  energy  changes  across 
reactions  (equilibrium  constants) ,  rather  than  specifying 
equilibrium  as  the  minimum  of  the  total  free  energy  of  the 
mixture,  the  methods  have  become  computationally  equiva¬ 
lent.  No  real  advantage  can  be  claimed  for  either. 
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To  date,  by  far  the  greatest  success  in  predicting 
the  combustion  properties  of  pyrotechnic  flfre  composi¬ 
tions  has  been  with  tlie  NASA-Lewis  program^^).  This  com¬ 
puter  program,  selected  by  the  Interagency  Chemical  Rocket 
Propulsion  Group-Working  Group  on  Performance  Standardiza¬ 
tion  as  the  industry  standard,  was  designed  to  compute 
equilibrium  compositions  for  any  chemical  system  for  which 
tl^rmodynamic  data  exist.  However,  before  relying  too 
heavily  on  any  computer  program  which  is  being  used  out¬ 
side  its  intended  area  of  primary  application,  several 
questions  should  be  resolved.  First,  will  the  program 
always,  or  even  usually,  yield  an  ansxTer?  That  is,  will 
the  mathematics  of  the  program  handle  the  systems  of  in¬ 
terest,  or  is  it  likely  to  "hang -up",  failing  to  converge 
to  a  solution?  Of  course,  a  certain  failure  rate  is  ex¬ 
pected  of  any  program.  The  more  complex.it  is,  the  more 
ways  it:  can  :i;a:l.  Thernochemistry  progra  m  failure  rates 
incx'eaae  sharply  as  the  mass  fraction  of  condensed  species 
in  the  combustion  product  mixture  increases,  and  the  NASA- 
X<ewis  program  is  no  exception.  Flare  compositions  typi¬ 
cally  produce  large  <iuantitics  of  condensed  species  as 
combustion  products.  As  a  very  ix>ugh  rule  of  tluvub,  the 
percentage  of  cases  which  fail  can  be  expected  to  approx¬ 
imately  equal  the  percentage  of  total  system  mass  which 
is  present  in  the  condensed  phase. 

In  the  event  a  case  docs  fail,  all  is  not  lost. 
There  are  several  techniques  which  can  be  employed  to 
force  convergence  of  failed  cases.  Convergence  criteria 
can  be  relaxed,  offending  species  can  be  removed  fTOm  con¬ 
sideration,  reactant  proportions  can  be  changed  slightly, 
etc.  Unfortunately,  each  of  these  techniques  i-ntroduces 
a  potential  source  of  error  in  the  results  of  the  calcu¬ 
lation.  The  easiest  solution  to  accomplish,  that  of 
omitting  offending  species,  produces  the  greatest  un¬ 
certainty  in  the  validity  of  results.  Loosening  of  con¬ 
vergence  criteria  will  admittedly  yield  imprecise  re¬ 
sults,  but  the  magnitude,  of  possible  error  is  at  least 
ascertainable  and  can  often  be  kept  within  tolerable 
limits,  ','nien  slight  changes  in  ingredient  proportions 
will  allow  successful  program  operation,  the  desired 
data  points  can  be  bracketed,  afforvling  an  opportunity 
to  gain  the  requisite  information  through  interpolation. 

A  second  important  consideration  in  program  appli¬ 
cability  is  that  of  data  availability.  Are  sufficient 
thermodynamic  data  available,  in  a  form  suitable  for  use 
v/itli  the  program,  to  accurately  describe  the  systems  of 


interest?  For  pyrotechnic  flares,  the  answer  is  a  qual¬ 
ified  yes.  In  the  case  of  ingreclent  heat  of  formation 
data,  there  is  no  real  problem.’  Those  data  which  are 
not  available  in  one  of  the  many  published  compilations 
can  readily  be  estimated  qr'.ite  closely.  When  it  comes 
to  thermodynamic  data  for  combustion  products ,  gaps  do 
occur.  Wliile  the  renownec  JANAF  Thermo  chemical  T-ibles^^) 
are  reasonably  comprehensive,  they,  lilce  earlier  compil¬ 
ations,  concentrate  on  those  species  which  are  important 
in  hydrocarbon  fuel  or  solid  and  liquid  rocket  propellant 
combustion.  Complete  oets  of  data  for  species  not  nor¬ 
mally  encountered  in  roclcet  propellant  flames  are  some¬ 
times  hard  to  find.  For  example,  barium  and  strontium 
combustion  product  data  are  available,  but  not  in  a  form 
which  is  immediately  compatible  and  consistent  with  the 
balance  of  the  standard  program  input  data,  '.^ile  it 
is  possible  to  commute  the  thermal  functions  of  required 
combustion  species  fTX»m  spectroscopic  data  or  from  empirical 
heat  capacity  equations  this  adds  a  new  dimension  of 
complexity  to  the  task  of  calculating  equilibrium  composi¬ 
tion,  liany  computer  programs  have  been  developed  to  pro¬ 
vide  functional  thermal  data.  Probably  the  best  and  most 
flexible  of  these  is  by  McBride  and  Gordon^^)* 

The  irpcrtence  of  using  complete  thermodynamic 
data  files  cannot  be  overemphasi7;ed .  One  of  the  most 
grievous  er.  or?  ViAt  can  be  committed  vrhen  performing 
therme chcmica]  calculations  is  to  inadvertently  omit  even 
one  mxierately  abundant  species.  The  consequences  can 
be  01 1  of  proportion  to  the  crime,  v/ith  dramatic  changes 
in  flame  temperature  and  product  composition  not  uncommon. 
TUi^  can  be  particularly  important  in  evaluating  flares, 
when  a  minority  of  t'.ic  chemical  species  may  be  responsible 
fo  '  the  majority  of  useful  radiation  emitted.  Happily, 
with  some  prior  knowledge  of  system  characteristics,  a 
simple  chad:  for  plausibility  of  results  will  usually 
reveal  the  error. 

Still  another  question  needs  to  be  resolved  before 
accepting  the  program  for  "cneral  use  in  compxiting  flare 
properties.  Arc  the  limiting  assxiraptions  on  which  the 
program  is  based  still  valid  for  the  types  of  sytems  to 
be  evaluated?  In  general,  the  basic  assumptions  arc  still 
necessary  and  correct,  but  in  some  instances  they  are 
slightly  less  correct  for  flares  than  for  roclcet  engines 
or  other  combustion  devices.  This  is  so  only  because  flare 
combustion  gases  often  tend  to  be  heavily  laden  with 
condensates.  Liquid  fuels  and  roclcet  propellants  normally 
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pr^uce  little  or  nothins  in  the  way  of  condensed  species, 
while  solid  propellants  rarely  produce  as  much  as  twenty 
five  mole  percent  condensates.  On  the  other  hand,  flare 
formulations  can  yield  almost  any  amount  of  condensed- 
phase  reaction  products  when  burned. 

The  computer  program  assumes  tliat  Daltons  law  of 
partial  pressures  applies  to  all  systems  considered.  It 
also  assumes:  that  condensates  occupy  a  negligible  volume, 
which  holds  true  until  you  produce  a  really  overwhelming 
proportion  of  condensed  species  --  and  then  the  case  will 
probably  fail  for  other  reasons  anyway;  that  molar 
enthalpies,  entropies  and  vapor  pressures  of  condensates 
are  independent  of  pressure  --  no  problem  here  at  any 
reasonable  pressure;  that  condensates  are  immiscible  and 
gases  are  insoluble  in  them,  which  is  just  one  of  those 
things  to  Iceep  in  the  back  of  your  mind  when  interpreting 
the  results;  that  particles  are  thermodynamically  macro¬ 
scopic,  which  is  true  within  the  ran^e  of  interest  of 
flare  properties;  that  homogeneous  mixing  is  attained, 
which  is  a  function  of  the  flare,  not  the  computer  program; 
and  of  course  the  most  basic  assumption  is  that  complete 
theimaal  and  chemical  equilibrium  is  attained,  which  is  by 
definition  the  ideal  theoretical  condition  a  thermochemical 
equilibrium  program  is  designed  to  find. 

In  light  of  the  above  asaumpt '.ons ,  just  how  accurate 
can  tlie  results  generally  be  expected  to  be?  If  the  initial 
conditions  and  flare  composition  have  been  accurately 
described,  if  no  important  combustion  species  have  been 
neglected,  and  if  tlie  flare  doesn't  produce  more  condensate 
than  gases,  thermo chemical  calculations  should  be  able  to 
reliably  predict  maximun  reaction  temperature  and  species 
concentrations  to  x/ithin  a  few  percent. 

Once  the  computer  program  thermal  data  files  have 
been  set  up  to  include  all  relevant  combustion  species, 
the  only  input  data  required  to  run  a  thctTnochemical  cal¬ 
culation  are  in;jredient  elemental  empirical  formulas  and 
heats  of  formation,  ingreaient  proportions,  and  reaction 
pressure.  Any  number  of  ingredients  may  be  input,  in  any 
proportions.  Ingredient  heat  of  formation  should  be  at 
the  ambient  feed  temperature,  nominally  298.15  decrees 
Kelvin.  Any  reaction  pressure  can  be  assigned,  with  one 
important  exception.  In  a  system  with  condensed  products, 
the  ass  Lgned  pressure  must  be  greater  than  the  sum  of  the 
vapor  pressures  of  the  condensed  species.  If  the 
assigned  pressure  does  not  exceed  the  sum  of  the  vapor 
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pressurea  by  an  amount  eqiial  to  the  partial  pressures  of 
other  species  in  the  gaseous  phase,  convergence  would  re¬ 
quire  negative  partial  pressures  for  some  species,  an  im¬ 
possible  condition.  The  program  has  a  low  temperature 
limit  of  three  hundred  degrees  Kelvin,  and  a  high  limit 
of  six  thousand  degrees  Kelvin,  certainly  adequate  for 
most  purposes. 

Typically,  betvreen  twenty  and  thirty  of  the  hun¬ 
dreds  of  candidate  combustion  species  considered  will 
exist  in  sufficient  quantity  to  appear  within  the  fifth 
decimal  place  of  the  converged  composition.  For  example,- 
a  35,^  lig/5fo  Laminac/60%  Sodium  Nitrate  flare  run  at  sea 
level  pressure  and  room  temperature  yielded  the  follov/ing 
thencochemical  data: 


Flame  temperature,  degrees  F  5152. 

Specific  heat,  calories/gram  degree  Kelvin  4.545 

Isentropic  exponent,  gamma  1.083 

Average  molecular  weight  51.763 


Hole  Percents 

of  Products 

00 

5.734 

COt 

2.';  73 

Al 
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Hgll 

0.010 

0.009 
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No 

10.7G7 
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In  a  recent  study*  theoretical  thermo chemical 
calculations  were  made,  and  experimental  temperatures 
were  measured  in  magnesium-Laminac-sodium  nitrate  flare 
pliamea.  A  modified  version  of  the  NA3A-Lcwis  program 
produced  the  theoretical  calculations.  The  results  in¬ 
dicated  that  for  those  formulations  having  low  equili¬ 
brium  flame  temperatures,  there  would  be  no  difficulty 
in  using  thermocouples  to  measure  temperatures  in  the 
plumes.  Accordingly,  after  a  method  was  devised  to  keep 
the  burning  face  a  constant  distance  from  the  thermo¬ 
couple,  when  necessary  to  insure  sufficient  instrument 
response  time,  measurements  were  taken  throughout  the 
plumes  of  burning  flares  and  maximum  temperatures  were 
noted.  Pressed  flares  one  inch  in  diameter  by  two  and 
one -fourth  inches  long  were  burned  in  the  upright  posi¬ 
tion  in  an  inert  atmosphere  at  ambient  pressures. 

The  flare  formulations  contained  68,  60,  and  55 
percent  magnesium.  Laminae  was  held  constant  at  5  percent, 
and  the  remainder  was  sodium  nitrate,  gach  of  the  exper¬ 
iments  was  repeated  several  times.  For  the  68  percent 
magnesium  flares,  computed  equilibrium  temperature  wes 
2306  degrees  F  and  the  average  maximum  plume  temperature 
was  2250  degrees  F.  Computed  equilibrium  flnme  temper¬ 
ature  for  the  60  percent  magnesium  flare  was  3296  degrees 
F,  v/hile  the  average  majrimum  plume  temperature  was  3200 
degrees  F.  For  both  of  these  formulations,  theoretical 
and  experimental  temperatures  agree  within  three  percent. 

The  55  percent  magnesium  flare  has  a  theoretical 
flame  temperature  of  46G8  degrees  F,  but  the  average^ 
measured  temperatures  wex*e  about  24  percent  below  this. 
Tl\is  large  difference  between  theoretical  and  experimental 
data  is  believed  to  be  a  verification  of  the  previous 
observation  (6)  that  conbxastion  temperature  and  luminous 
efficiency  for  flares  of  this  type  drops  sharply  when 
flare  diameter  decreases  below  three  inches  at  magnesium 
loadings  below  al>o;it  62  percent. 


wor*-'.  vvCiS  conducted  for  the  United  States  Air 
Force,  Eglin  Air  Force  Base,  Florida,  by  the  Aero¬ 
space  Research  Corporation,  Roanoke,  Virginia,  under 
contract  FO  8635-67 -C-0161 .  The  Air  Force  project 
engineer  in  charge,  of  the  program  was  Mr.  Larry  >toron. 
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Once  experimental  data  are  available,  several 
subsidiary  mathematical  models  which  have  been  devel¬ 
oped  to  extend  the.  utility  of  che  thermochemistry  pro¬ 
gram  may  be  employed.  Wlien  combined  with  a  reduced 
enthalpy  model,  the  program  will  predict  the  effects 
of  incomplete  energy  release  (combustion).  This,  in 
conjunction  with  a  stream  tube  model,  enables  the  eval¬ 
uation  of  variable  combustion  zones  or  inhomogeneities. 

By  using  a  plume  mixing  model,  the  effects  of  burning  in 
air  can  be  studied. 

Agreement  bet\/een  experimental  data  and  theoret¬ 
ical  predictions  is  by  no  means  fortuitous.  Computerized 
tlxermochemical  calculations  provide  the  most  rapid  and 
efficient  means  of  determining  temperature  and  product 
composition  in  the  plume  of  an  illuminating  flare. 
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MATHEMATICAL  SIMULATION  MODELS 


L  INTRODUCTION 

The  |>urpose  of  this  paper  Is  to  emphasize  the  need  for  determining 
requirements  for  sub>systems  by  evaluating  the  effect  that  sub-systems 
have  on  total  system  performance  and  the  need  for  using  computer 
simulation  models  for  this  evaluation. 

While  reading  through  the  reference  material,  I  was  Impressed 
by  the  expression  of  the  concepts  of  simulation  by  Hllller  and 
Lleberman  In  their  book  "Introduction  to  Operations  Research" 
Hoiden-Oay,  Inc.  1967.  By  way  of  Introduction,  I  would  like  to  quote 
a  few  brief  paragraphs  from  the  Introduction  to  their  chapter  on 
simulation,  page  439. 

I  quote, 

'The  technique  of  simulation  has  long  been  an  Important  tool 
of  the  designer,  whether  he  be  simulating  airplane  flight  In  a  wind 
tunnel,  simulating  plant  layouts  with  scale  models  of  machines,  or 
simulating  lines  of  communication  with  an  organization  chart.  With 
the  advent  of  the  high-speed  digital  con^uter  with  which  to  conduct 
simulated  experiments,  this  technique  also  has  become  Increasingly 
Important  to  the  operations  research^^r.  Thus,  simulation  has  become 
an  experimental  arm  of  operations  research. 

The  emphasis  In  the  preceding  chapters  was  on  formulating  and 
solving  mathematical  models  which  represent  real  systems.  One  of 
the  main  strengths  of  this  approach  Is  that  It  abstracts  the  essence 
of  the  problam  and  reveals  Its  underlying  structure,  thereby  providing 
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Insight  into  the  cause-and-effect  relationships  within  the  system. 
Therefore,  If  It  is  possible  to  construct  a  mathematical  model  that 
Is  both  a  reasonable  idealization  of  the  problem  and  amenable  to 
solution,  this  analytical  approach  usually  Is  superior  to  simulation. 
However,  many  problems  are  so  conniex  that  they  cannot  be  solved 
analytically.  Thus,  even  though  It  tends  to  be  a  relatively  expen¬ 
sive  procedure,  simulation  often  provides  the  only  practical  approach 
to  a  problem. 

Within  operations  research,  simulation  typically  also  Involves 
the  construction  of  a  model  which  Is  largely  mathematical  In  nature. 
Rither  than  directly  describing  the  over-all  behavior  of  the  system, 
the  simulation  model  describes  the  operation  of  the  system  in  terms 
of  individual  events  of  the  Individual  components  of  the  system.  In 
particular,  the  system  Is  divided  Into  elements  whose  behavior  can 
be  predicted,  at  least  in  terms  of  probability  distributions,  for 
each  of  the  various  possible  states  of  the  system  and  its  Inputs. 

The  Interrelationships  between  the  elements  also  are  built  Into  the 
model.  Thus,  simulation  provides  a  means  of  dividing  the  model- 
building  job  into  smaller  component  parts  (where  it  may  be  possible 
to  formulate  each  of  these  parts  by  methods  described  in  other 
chapters),  and  then  combining  these  parts  In  their  natural  order  and 
allowing  the  computer  to  present  the  effect  of  their  Interaction 
on  each  other.  After  constrticting  the  model,  It  Is  then  activated 
(by  generating  input  data)  in  order  to  simulate  the  actual  operation 
of  the  system  and  record  its  aggregate  behavior.  By  repeating  this 
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for  the  various  alternative  design  configurations  and  comparing  their 
performances »  one  can  Identify  the  most  promising  configurations. 
Because  of  statistical  error,  It  Is  Inposslble  to  guarantee  that 
the  configuration  yielding  the  best  simulated  performance  Is  Indeed 
the  optimal  one,  but  It  should  be  at  least  near-optimal  If  the 
simulated  experiment  was  designed  properly. 

Thus,  simulation  typically  Is  nothing  more  or  less  than  the 
technique  of  performing  sampling  experlmenti:  on  the  model  of  the 
system.  The  experiments  are  done  on  the  model  rather  than  on  the 
real  system  Itself  only  because  the  latter  would  be  too  Inconvenient, 
expensive,  and  time-consuming.  Otherwise,  simulated  experiments 
should  be  viewed  as  virtually  indistinguishable  from  ordinary  statis¬ 
tical  experiments,  so  that  they  also  should  be  based  upon  sound 
statistical  theory.  Even  though  simulated  experiments  usually  are 
executed  on  a  digital  computer,  this  Is  only  because  of  the  vast 
amount  of  calculating  required,  rather  than  any  inherent  relationship." 
11.  SUB-SYSTEM  VS  TOTAL  SYSTEM 

In  this  discussion,  there  are  two  words  that  I  Intend  to  refer  to 
frequently,  sub-system  and  total  system.  By  my  definition,  a  sub¬ 
system  Is  equipment  (conceptual  or  real)  that  performs  some  function. 
The  total  system  may  contain  many  sub-systems  and  involves  man, 
man-machine  interfaces  and  Interactions,  tactics  and  operational 
environment.  For  example,  our  fighters  and  attack  aircraft  employ 
decoy  flares  to  countermeasure  certain  eneity  threats.  The  sub-system, 
that  we  would  be  primarily  concerned  with.  Is  the  decoy  flare  and 
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the  total  system  Is  the  fr  endly  aircraft  (Including  the  decoy  flare), 
the  enettiy  threat,  the  tactics  of  each  and  the  operational  env1ronine*‘t. 
III.  SUB-SYSTEMS 

Many  technical  studies  are  concerned  with  relating  the  sub-system 
performance  as  a  function  of  parameter  changes  within  the  sub-system. 
For  example,  such  a  study  might  try  to  relate  the  change  In  flare 
Intensity  as  a  function  of  changes  In  particle  size  of  an  Ingredient 
of  the  flare.  This  Is  an  "Inside  look"  at  the  sub-system.  Another 
example  of  an  "Inside  look"  would  be  an  Investigation  to  determine 
the  effect  of  atmospheric  pressure  on  flare  Intensity. 

NAD  Crane  has  developed  several  computer  programs  In  this  category, 
of  which,  four  of  them  may  be  of  Interest  to  this  conference.  These 
four  are  as  follows: 

A.  Two  dimensional  flight— drag  proportional  to  the  square  of 
velocity,  uses  a  numerical  Integration  technique.  We  use  this  program 
for  simulation  of  canister  and  parachute  flights. 

B.  Optimum  Ignition  altitude— determines  the  Ignition  altitude 
for  a  single  parachute  flare  so  as  to  maximize  the  Integral  of  area 
that  Is  Illuminated  to  some  specified  minimum  level  over  the  burning 
time  of  the  flare. 

C.  Illumination  contours— multiple  flares— computes  lumens/ft^ 
for  grid  points  on  the  ground. 

D.  Parachute  deployment  program— computes  snatch  force,  filling 
time,  force  during  filling  time,  maximum  opening  shock,  time  of 
maximum  opening  shock,  and  total  deployment  time  of  a  parachute-flare 
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system  for  various  Input  parameters  of  the  system.  Also,  for  fixed 
fall  distance  and  fixed  burning  rate  of  the  flare  system,  the  size  of 
a  particular  chute  Is  determined  that  maximizes  the  length  of  the 
candle  that  can  be  placed  with  the  chute  In  a  given  size  container. 

These  "Inside  look"  studies,  which  might  be  called  systefRS 
engineering  or  systems  analysis,  are  essential  and  their  Importance 
cannot  be  overemphasized. 

IV.  TOTAL  SYSTEMS 

However,  the  area  that  needs  more  technical  effort  Is  relating 
sub-system  performance  to  the  effectiveness  of  the  total  system. 

Using  the  decoy  flare  example,  this  outside  look  would  examine  the 
effect  of  flare  Intensity  upon  the  friendly  aircraft's  ability  to 
successfully  decoy  the  enen^y  threat. 

Another  example  of  the  total  system's  evaluation  would  be  to 
determine  the  relationship  of  an  Illuminating  flare's  Intensity  and 
the  probability  of  detecting  a  target.  A  better  objective  might  be 
to  relate  flare  Intensity  and  the  probability  of  destroying  a  target. 
Some  people  call  this  approach  operations  research  or  operations 
analysis.  Regardless  of  the  name  of  the  game,  t^e  elements  of  the 
game  are  sub-systems,  men,  tactics,  envl ronment«l  factors,  their 
Interfaces  and  Interaction;  and  the  purpose  of  the  game  Is  to 
objectively  establish  sub-system  requirements. 

Some  examples  of  current  work  In  total  systems  are  as  follows: 

A.  Decoy  flare— Naval  Research  Laboratory  has  developed  this 
computer  program  and  conducted  analysis  using  the  computer  results. 


B.  Eneniy  Grbund  Fire  Detector-Locator  for  Helicopters— this  conpu 
ter  program  has  been  developed  by  Systems  Research  Corporation  of 
Washington,  0.  C.  In  conjunction  with  Naval  Research  Laboratory  and 
NAD  Crane.  This  problem  concerns  helicopter  troop  transport  opera¬ 
tions.  Usually  the  transports  are  lightly  armed  and  must  depend  on 
escort  helicopter  gunships  to  defeat  the  eneny  threat.  The  transports 
must  detect  and  locate  the  enemy  threat  then  transmit  this  Information 
to  the  gunship.  The  total  systems  simulation  will  establish  equip¬ 
ment  requirements  In  the  form  of  probability  of  detection,  location 
accuracy,  and  response  time. 

NAD  Crane  first  became  Involved  In  this  problem  while 
examining  the  accuracy  requirements  for  placement  by  the  troop  trans¬ 
port  of  a  smoke  marker  which  would  assist  the  gunship  In  locating 
the  target. 

C.  Illuminating  Flare  Mathematical  Model— NAD  Crane  Is  beginning 
work  In  this  area.  The  elements  of  this  problem  are  as  follows: 

1.  Soiirce-lllumlnatlng  flare.  Intensity  versus  wavelength 

2.  Transmission  medium 

3.  Target  size  and  reflectance 

4.  Sensor 

5.  Relative  positions  In  space  versus  time 

6.  Environmental  effects 

The  measure  of  effectiveness  of  this  total  system  will  be  the 
probability  of  detecting  a  ground  target.  Various  combinations  of 
sources  and  sensors  could  be  evaluated  by  this  model .  The  model 
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Mould  also  allow  changes  In  tactics  to  be  evaluated. 

V.  GENERAL  COmENTS  ON  SIMULATION  MODELS 

A.  They  require  quantitative  expresslon—omlt  philosophy. 

B.  The  cost  of  progranmlng  Is  sometimes  high— this  will  be 
off-set  by  obtaining  Inexpensive  computer  experimental  runs  over  many 
environmental  conditions  and  parameter  values. 

C.  Wide  ranges  of  environmental  conditions  are  difficult  to 
obtain  for  real  world  experiments.  Compresses  time. 

D.  Avoid  or  at  least  minimize  reprogranning  costs  by  putting 
model  In  parametric  form.  For  example.  In  the  Illuminating  flare 
mathematical  model  the  target  size  and  reflectance  would  not  be  fixed 
within  the  program  but  could  be  assigned  parameter  values  which  would 
be  Input  data  to  the  computer. 
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Abstract 

The  luminous  efficirncy  for  the  premixed  flame  of  the 
cyanogen-oxygen-boron  trichloride  system  is  reported  over  a  range 
of  compositions  and  burner  sizes.  The  maximum  efficiency 
measured  was  33,668  cd-sec/gm.  This  exceeds  the  value  of  24,366 
cd-sec/gm  previously  determined  by  the  authors  for  the  diffusion 
flame  of  this  system.  The  composition  yielding  the  maximum 
efficiency  was  found  to  be  nearly  the  same  for  both  types  of 
flames.  The  efficiency  is  found  to  increase  with  burner  diameter, 
rapidly  at  first,  then  more  slowly.  Results  of  computations  of 
the  theoretical  adiabatic  flame  temperature  and  equilibrium  com¬ 
position  are  also  reported  over  the  entire  range  of  compositions 
and  their  relation  to  be  experimental  data  is  discussed.  Spectra 
for  selected  flame  coopositions  are  presented. 


Introduction 

As  previously  reported  by  the  authors^  the  diffusion  flame 
of  cyanogen-oxygen-boron  trichloride  is  among  the  most  efficient 
luminous  sources.  The  study  of  this  system  was  extended  to  in¬ 
clude  premixed  flames  in  the  hope  of  realizing  higher  efficiencies 
and  of  gaining  a  better  understanding  of  the  mechanism.  In  the 
following  we  present  the  results  to  date  of  this  effort. 


Experimental 

The  cyanogen  gas  was  obtained  in  cylinders  from  two  sup¬ 
pliers,  the  Matheson  Co.,  Inc.  and  Air  Products  and  Chemicals, 
Inc.,  and  was  used  as  received.  The  oxygen  was  aviator  grade, 
dried  by  passing  through  a  column  of  Drier: te  (anhydrous  calcium 
sulfate).  The  boron  trichloride,  technical  grade,  was  obtained 
from  the  Matheson  Co.,  Inc.  and  it  too  was  used  as  received. 

The  gases  were  metered  using  rotameters  and  fed  to  the 
burrwr,  a  National  high  intensity  hand  torch.  The  boron  tri¬ 
chloride  was  cort>ined  with  the  oxygen  flow  prior  to  admission  to 
the  torch-  In  this  way  the  mixing  of  the  boron  trichloride  with 
the  cyanogen  was  delayed  until  the  last  possible  moment.  Previous 
tests  bad  indicated  that  these  two  gases  react  upon  mixing,  pro¬ 
ducing  a  white  posKler  on  the  walls  of  the  coJttainlng  equipment. 
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This  observation  is  supported  by  the  work  of  Apple  and  Wartik,^ 

Nozzle  tips  having  various  dianeter  orifices  were  made  by 
drilling  the  standard  OX-3  nozzle  supplied  with  the  torch.  Five 
diameters  were  tested:  1.68  mm,  2.38  mm,  4.76  mm,  6.35  mm,  and 
7.94  mm. 


The  luminous  intensities  were  measured  using  an  Edgerton, 
Germeshausen  and  Grier  580  Radiometer.  The  spectral  response  of 
this  instrument  is  filter-corrected  to  conforji  with  the  standard 
luminosity  response  and  calibrated  at  the  factory.  A  flat-black 
vee-shaped  light  trap  was  placed  behind  the  flame  to  minimize 
reflection  into  the  meter.  The  experimental  intensity  values 
were  divided  by  the  mass  flow  rale  to  obtain  the  luminous 
efficiencies  reported  herein. 

Theoretical  adiabatic  flame  temperatures  and  equilibrium 
compositions  were  calculated  on  an  lEW  7094  digital  con^uter 


using  a  program  made  available  to  us  by  NASA.' 


Mixture  com¬ 


positions  were  specified  in  terms  of  the  following  parameters; 


R  =  100 


[  C2N3 
LC2N2  +  Og. 


D  =  100 


CjNa  ■*•02  +  BCl. 


Spectra  of  the  various  flames  were  taken  using  a  Jarrell-Ash 
Model  82-000  grating  monochromator,  Ebert  mounting,  0. 5  m  focal 
length.  The  1180  grooves  per  mm  grating,  blazed  for  5000  A,  had 
a  52  mm  by  52  mm  ruled  area.  The  detector  was  an  EMI  6256B  13- 
stage  photomultiplier-tube,  end-on,  S-13  response.  The  wavelength 
scale  of  the  spectrometer  was  checked  using  a  mercury  penlight  and 
was  found  to  be  accurate  within  2  A. 


The  optical  system  between  the  flame  and  the  entrance  slit 
consisted  of  an //2.8  achromat,  focal  length  7.8  cm,  ...id  an//!. 3 
quartz  plano-convex  lens  wi  th  a  focal  length  o?  ''  ca.  This  com¬ 
bination  was  arranged  such  that  an  enlarged  image  of  the  test 
section  of  the  flame  was  focused  on  '.he  collimating  mirror,  which 
also  served  as  the  limiting  aperture.  The  achromat  was  placed  as 
close  as  physically  possible  to  the  entrance  slit.  As  pointed 
out  in  Harrison,  Lord,  and  Loofbourow®  this  arrangement  fills  the 
collimator  with  light  and  provides  even  illumination  of  the  slit 
over  its  entire  area  insofar  as  is  practicable.  The  test  section 
at  the  flame  position  was  less  than  1  mm  by  1  mm.  This  provided 
for  a  good  local  sample  of  radiation. 
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The  calibration  of  the  spectrometer  in  terms  of  spectral 
steradiancy  was  performed  in  the  following  manner.  With  the 
detector  removed,  the  mercury  penlight  was  nlaced  at  the  exit 
slit  of  the  monochroRatcj ,  A  tungsten  ribbon  filament  lamp, 
General  Electric  Con^any  type  jOA/(;V/T24,  calibrated  by  the 
National  Bureau  of  Srandards  for  brightr.ros  temperature  at  653  mp 
as  a  function  of  is* ’ip  current,  was  positioned  at  the  test  section 
such  that  the  image  of  the  exit  slit  was  focused  on  the  lamp 
filament  at  the  notcn,  I-'or  a  more  complete  description  of  the 
lamp,  proper  usage,  and  its  calibration  by  NBS.  the  interested 
reader  is  refereed  tc  the  paper  by  Kostowsky.® 

The  power  supply  for  the  calibrated  lamp  consisted  of  a  bank 
of  automobile  batteries  wired  in  parallel  to  produce  a  12-volt 
output.  Since  the  current  required  to  operate  the  lamp  wa-j  high 
(data  were  taken  at  26,  33,  and  39  amperes)  current  regulation 
was  obtained  by  dropping  the  potential  across  two  1-ohm  resistors 
rated  for  31.5  amperes  each.  These  dropping  resistors  were  wired 
in  parallel.  The  remainder  of  the  circuit  consisted  of  ^he 
tungsten  lai^,  a  knife  switch,  and  a  precisicr  O.OOi  oh.2  shunt 
all  wired  in  scries  with  the  batteries  ant.  Irooprrg  -eslstors. 

The  current  was  determined  by  measuring  the  potential  drop  across 
the  0,001  ohm  shunt.  With  the  potentioia''tcr  avail  the 

voltage,  aixl  hence  the  current,  could  be  measured  to  two  decimal 
places. 

Calibration  data  were  obtained  by  scanning  the  spectrui  at 
500  A  per  min  and  simultaneously  meas’a-ing  the  potential  across 
the  shunt.  The  slit  width,  slit  height  and  the  potential  across 
the  photomultiplier  were  all  held  constant  throughout  calibration 
and  use. 

These  data  were  then  p.ccesseu  to  obtain  the  erlibration 
constant,  C^,  as  follows.  Wc  can  write 


where  =  the  response  oi  the  instrusert ,  i.e.,  recorder  output, 
volts; 

N  =  s|>oc«ral  steradiancy  of.  a  blackbody  at  wavelength  X  and 
temperature  T,  wn*  ts/c«* -stc^-a^i; 

fx  r  -  cmissivity  of  tjingsten  at  wavelength  \  and  tewperature 
T; 

=  solid  angle  subtended  by  the  system,  steradians ; 

i7fc 
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h  =  slit  height,  nn; 

S  »  slit  width,  ndcrcms; 

T  =  transmissivity  of  the  optical  system; 

K  =  instrument  response  function,  volts/watt; 

=  instrument  background  (dark  current,  etc.). 

We  define 

=  KfihT.  (2) 

In  order  to  obtain  values  for  wavelengths  other  than 

653  mp,  use  was  made  of  the  relation 

CiX-®[cxp(C2ATg)  -  i] 

[6^15(02  At)  i|  (3) 

where  =  first  radiation  constant,  1.1909x10^®  watts/ater-ca® ; 
Ca  =  second  radiation  constant,  1.43879x10^  B;i-deg  K; 

T  =  brightness  temperature,  °K 
T  ■=  tungsten  filament  tei^erature,  °K 
-3  tiansaissivi ty  of  tungsten  envelope 
>.  =  wavelength,  ap. 

The  emisaivitv  of  tungsten  is  given  by  Larrabee  as 

^  0.6075  -  0.3Q00\  -  0.  3265x10~'‘t  0. 5900x10“* \T, 

(0.350U  <  \  0.450vi);  (4) 

C,  =  0.4655  ♦  0.01558X  r  0.2675xl0“*T  -  0  73<>5.<10~*XT, 

X,T 

{O.iSOp  <  \  <  0.680P):  (5) 

c.  ^  =  0.65S2  -  0.2633X  -  0,7333xl0"*T  ♦  0.7417*10“*\T, 

A  y  X 

{0.6e0p  <  X  <  0.80CU).  (6) 

Equations  3  and  5  were  used  in  an  iteration  routine  to  deterwine 
the  value  of  T,  The  transmissivity  of  the  lan^  envelope  was 
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assumed  to  be  0,92. 

The  iteration  proceeded  as  follows.  First  a  value  for 
brightness  temperature  was  calculated  from  the  potentiometer 
measurement.  Then,  since  the  filament  temperature  is  always  con¬ 
siderably  higher  than  the  brightness  temperature,  an  initial 
estimate  of  the  filament  temperature  was  obtained  by  adding  a 
constant  to  the  brightness  temperature.  This  estimate  of  the 
filament  temperature  was  inserted  into  (5)  toge^^hez  with  the  pro¬ 
per  value  of  X  (653  mii)  to  obtain  a  value  for  ,j..  This  was 
inserted  into  (3)  to  calculate  T.  If  the  estimated  and  calculated 
values  of  T  did  not  agree  to  within  1*^  the  calculated  value  was 
inserted  into  (5)  and  the  process  repeated. 

The  calibration  constant,  C^,  is  given  by 


The  wavelength  limits  indicated  in  (7)  were  taken  to  be  X  ±  dX/2. 
The  plate  factor  and  the  slit  width  we’-e  used  to  determine  dX, 

dX  =  plate  factor  x  slit  width.  (8) 

The  int  ?gral  was  evaluated  by  calculating  values  at  X,  and  Xg, 
obtaining  their  arithmetic  average,  and  multiplying  by  dX,  The 
calibration  results  are  shown  in  Figure  1. 

This  procedure  was  necessary  since  the  brightness  temperature 
is  a  function  of  wavelength.  It  is  also  worth  pointing  out  that 
it  would  have  been  preferable  to  extend  the  calibration  to  250  mp, 
the  reason  being  the  possibility  of  overlapping  of  the  first  and 
second  orders  of  the  grating.  This  was  not  done  for  two  reasons. 
First,  the  eraissivity  data  of  Larrabee  do  not  extend  to  these 
lower  wavelengths.  Secondly,  the  transmissivity  of  the  glass 
envelope  begins  falling  off  rapidly  below  350  mp.  Since  a  cut¬ 
off  filter  was  not  available,  the  only  recourse  was  to  take  the 
spectra  down  to  2500  A  and  locate  possible  overlaps  in  the  region 
of  interest  by  inspection.  None  were  found. 

All  spectra  were  taken  1.5  inches  above  the  burner  nozzle, 
well  within  the  mantle  area  of  the  flames.  The  2.38  mm  nozzle^ 
size  was  selected  to  give  well-behaved  laminar  flames.  The  slit 
height  used  was  7  mm  and  the  slit  width  40  microns.  The  spectral 
steradiancies  obtained  represent  average  values  over  a  wavelength 
interval  of  0.67  A. 
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Results  and  Discussion 

^  To  furnish  a  basis  for  con^arison,  initially  an  examination 

\  was  made  of  the  cyanogen-oxygen  flame  on  the  1.68  mm  nozzle.  In 
\  Figure  2  the  luminous  efficiency  of  this  system  is  shown  as  a 
\function  of  the  percentage  of  cyanogen  in  the  mixture.  The  curve 
Us  similar  to  that  reported  by  Stokes,  et  al.®  with  the  exception 
of  the  appearance  of  the  second  peak  which  apparently  was  not 
Observed  by  them.  Some  understanding  of  this  rather  unusual 
]^lationship  between  luminosity  and  coo^osition  may  be  gained  by 
consideration  of  Figures  3  and  4. 

\  In  Figure  3,  the  coiqiuted  equilibrium  mole  fractions  for  the 
various  species  have  been  plotted  as  a  function  of  the  percentage 
cyanogen  in  the  original  gases.  The  NASA  program  used  lists  all 
thei  chemical  species  considered  and  prints  out  the  mole  fractions 
for\ those  whose  value  exceeds  5  x  10~®.  In  the  interests  of 
clarity,  the  graph  was  restricted  to  species  with  a  maximum  mole 
fratkion  greater  than  10"^.  The  most  inportant  minor  sp>ecies 
omitted  under  this  constraint  was  €30(9)  which  attained  a  maximum 
value  of  9.3  x  10“®  at  R  =  56.  It  is  of  interest  to  note  the 
high  concentrations  of  the  free  radicals,  p>articularly  the  oxygen 
atom,\and  the  large  changes  taking  place  as  a  function  of  com¬ 
position  at  the  stoichiometric  and  near-stoichiometric  com¬ 
positions.  In  particular  one  should  observe  the  rise  in  the  mole 
fraction  of  CN  followed  closely  by  that  of  the  Cg  free  radical. 
Both  o^ these  reach  a  maximum  at  a  composition  of  55%  cyanogen, 
then  fall  in  a  linear  fashion  that  is  related  to  the  rise  in  the 
mole  frakiion  solid  carbon,  which  does  not  begin  to  appear 
until  after  R  -  56.  Molecular  radiation  from  CN  and  Cg  molecules 
as  well  alt  continuum  radiation  was  observed  in  the  spectrum  of 
the  cyanogkn-oxygen  diffusion  flame.  Cyanogen  is  seen  to  appear 
in  the  proOTCt  distribution  on  the  rich  side. 

In  Figu:«  4  the  theoretical  adiabatic  flame  temperature  has 
been  plotted  as  a  function  of  composition.  It  is  interesting  to 
note  the  close  correspondence  between  this  curve  and  the  graph 
for  the  mole  fraction  of  nitrogen  atom  in  Figure  3.  The  tempera¬ 
ture  plot  indicates  that  the  extremely  high  value  generally 
quoted  for  the  cyanogen -oxygen  flame  is  quite  sensitive  to  com¬ 
position,  The  rapid  rise  in  temperature  is  seen  to  be  brought 
about  by  the  fall  in  the  mole  fraction  of  oxygen  atoms  which  is 
only  partially  offset  by  the  increase  in  the  numbers  of  nitrogen 
atoms.  The  formation  of  the  free  radicals,  Ci,  CN,  and  Cg  causes 
the  temperature  to  fall  as  rapidly  as  it  rose  until  the  con¬ 
densation  of  carbon  begins  to  act  as  a  stabilizing  factor. 

An  explanation  may  now  be  advanced  for  the  trend  of  luminous 
efficiencies  depicted  in  Figure  2.  As  the  CN  and  C2  free  radicals 
begin  to  build  up  the  amount  of  light  produced  by  the  flame 
increases.  The  presence  f-yf  CN  in  the  product  gases  is  indicated 
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by  a  pink  region  just  outside  the  reaction  zone  for  flames  a 
little  on  the  lean  side.  These  free  radicals  continue  to  increase 
in  concentration  as  the  flame  becomes  rich,  apparently  at  a  rate 
great  enough  to  offset  the  effect  of  the  declining  tenperatxure, 
until  they  reach  their  peak  values  at  55%  cyanogen.  At  still 
richer  compositions  the  light  output  falls  due  to  declining 
numbers  of  emitters  and  decreasing  temperature  until  offset  by 
the  increasing  quantity  of  solid  carbon  which  reverses  the  trend. 
Again  an  increase  in  luminous  output  is  observed  until  the  cooling 
caused  by  the  radiative  transport  balances  the  increasing  con¬ 
centration  leading  to  a  second  peak. 

The  foregoing  siqjposition  is  supported  in  part  by  the  experi¬ 
mentally  determined  tenperatures  of  Conway,  et  al.®  plotted  as 
circles  in  Figure  4.  It  is  seen  that  the  temperatures  are  declin¬ 
ing  rapidly  on  the  rich  side  (R>50).  This  may  be  attributed  to 
the  loss  of  energy  by  radiative  transport  which,  of  course,  re¬ 
sults  in  reduced  actual  flame  temperatures  as  is  well  Icnown.  As 
regards  the  anomalously  high  values  reported  on  the  lean  side,  we 
note  that  these  occur  in  a  region  of  very  high  oxygen  atom  con¬ 
centration  as  shown  in  Figure  3.  Their  experimental  determination 
involved  the  use  of  lithium  in  a  modified  line-reversal  technique. 
Hence,  these  values  may  be  indicative  of  the  formation  of  excited 
lithium  via  the  reaction 

Li  +  O  +  0  •>  Li*  +  Oz^ 

The  formation  of  carbon  as  a  product  was  detected  when 
operating  on  the  rich  side.  The  first  indication  was  the  change 
in  color  of  the  mantle  top  to  orange.  Conway  and  Grosse^®  also 
noted  the  orange  tipped  plume  and  the  sensitive  nature  of  the 
flame  in  the  stoichiometric  region.  At  concentrations  of  62% 
and  greater  of  cyanogen,  the  formation  of  long  soft  black  strings 
of  carbon  which  floated  about  slowly  in  the  air  was  observed.^^ 
This  seems  to  contradict  the  statement  by  Gaydon  and  Wolfhard 
that  "cyanogen  will  not  give  any  carbon  formation  at  all  in  either 
diffusion  or  premixed  flames  of  normal  size",  but  the  discrepancy 
may  very  well  only  be  apparent  since  we  do  not  know  whether  they 
have  looked  at  these  richer  mixtures. 

Further  credence  for  the  foregoing  interpretation  is 
furnished  by  spectra  obtained  for  selected  flame  compositions, 
in  Figure  5  is  shown  the  spectrum  for  the  flame  containing  63.5% 
of  cyanogen.  The  major  feature  in  this  case  is  the  continuum  as 
would  be  expected  for  a  flame  producing  copious  quantities  of 
carbon.  Also  in  evidence  are  bands  corresponding  to  transitions 
in  the  violet  system  of  CN  at  421.6  laA  (0,1),  388.3  m^  (0,0),  and 
359.0  m^i  (1,0). 

The  spectrum  of  the  flame  containing  55%  cyanogen  is  pre¬ 
sented  in  Figure  6.  Prexainent  bands  corresponding  to  transitions 
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in  the  Swan  systea  of  Cs  are  observed  at  619.1  a^.  (0,2), 

563.6  BM'  (0>i)i  516.5  ap.  (0,0),  and  473.7  ap.  (1,0).  Bands 
corresponding  to  the  (0,1),  (0,0),  and  (1,0)  transitions  in  the 
violet  systea  of  CN  are  quite  evident.  TMs  particular  coa- 
position  was  selected  in  order  to  detemine  if  the  C3  bands 
could  be  detected.  If  they  are  present,  they  do  not  constitute 
a  aajor  feature. 

Contrasted  to  the  previous  two  coapositions  the  flaae  con¬ 
taining  43J(  cyanogen  is  a  very  weak  radiator.  This  is  borne  out 
by  the  spectrua  of  this  flaae,  shown  in  Figure  7.  It  should  be 
noted  that  the  ordinate  in  this  case  is  saaller  by  a  factor  of 
10~^  than  those  of  the  two  preceding  figures. 

A  saaple  of  the  black  solid  aaterial  presumed  to  be  carbon 
was  collected  and  sent  for  analysis.  The  results  showed  85.17X 
carbon,  0.98%  nitrogen,  12.11%  oocygen,  and  2.05%  hydrogen.  Since 
hydrogen  was  not  a  reactant,  this  is  taken  to  indicate  the 
presence  of  adsorbed  water.  The  low  valite  for  nitrogen  indicates 
that,  while  the  solid  aaterial  nay  contain  some  CN,  the  polyaer 
is  definitely  primarily  one  of  carbon  and  not  paracyanogen. 

Turning  now  to  the  cyanogen-oocygen-boron  trichloride  system, 
Figure  8  presents  all  the  lusdnous  efficiencies  that  could  be 
aeasured  on  the  1.68  aa  nozzle  for  constant  volumetric  flow  rates. 
It  is  important  to  take  the  data  at  constant  volumetric  flow 
rates  for  a  given  nozzle  since  the  efficiency  is  a  function  of 
this  parameter  as  shown  in  Figure  9.  The  change  in  efficiency 
with  volumetric  flow  rate  is  considered  to  be  dhe  primarily  to 
the  influence  of  the  latter  on  the  resulting  plume  gecwwtry. 

While  air  entrainment  certainly  must  occur,  its  effect  for  the 
55%  composition  shown  in  Figure  9  iwould  be  to  decrease  the 
luminous  efficiency  at  saall  D-values  as  shown  by  the  data  of 
Figure  10.  Because  of  their  geometry,  air  entrainment  was  not 
thought  to  be  a  problem  in  the  diffusion  flames  studied  earlier 
by  the  authors. 

Returning  to  Figure  8,  flashback  and  blowoff  considerations 
limited  the  cos%)oaitions  that  could  be  studied  on  this  burner 
size  at  a  constant  volumetric  flow  rate.  However,  it  is  seen 
that  the  efficiency  is  Increasing  as  the  percentage  of  cyanogen 
in  the  base  flaae  is  reduced. 

In  Figure  10  are  shown  the  efficiencies  measured  on  a  2.38  am 
nozzle  as  a  function  of  cyanogen-content  for  various  fixed  amoxmta 
of  boron  trichloride.  One  observes  that  as  the  amount  of  boron 
trichloride  is  increased,  the  peak  at  53%  cyanogen  gradually 
disappears.  A  reason  for  this  behavior  is  offered  by  Figure  11 
in  which  the  variation  of  the  concentration  of  some  of  the  signi¬ 
ficant  flame  species  with  cyanogen-content  is  Illustrated  for  the 
case  D  »  7.30,  which  is  taken  as  typical,  l^on  examination  of 


189 


SPECTRAL  STERAOIANCY  (10  WATT/STER-CM  -m/t) 


LUMIKKX;S  EFFICIENCY  ~  (cd-  ••C/gm) 


Figu7«  8 


\BflOO 


16,000 


14,000 


^  R*45,  40  cc/*ac 
0  Rs50,  40  cc/tac 
o  R*55,  40  cc/sac 
□  R«60,  50  cc/aac 
O  Ra63.5, 35  cc/tac 


12,000 


10,000 


5,000 


6JD00 


4,000 


2p00 


i.68  mm.  nozzta 


D«  100 


C2N2-t-02*fBCI 


..-V&  .  *1  wfcti 


LUMINOUS  EFFICIENCY  ~  (cd-sec/gm) 


LUMiNUUb  tr-i-iuitNUT  ica'Sec/gmj 


18,000  - 
16,000  - 
14,000  - 

12,000  - 

♦ 

10,000  - 
8,  000  - 
6,000  - 


Q  D  =  5.79 
^  D  «  4.91 
□  D=  4.03 
o  D  =  3.I7 
O  D=  2.34 
O  D=  1.57 

o  D*  0  ^ 

\ 

\ 

\ 


100  cc/sec 
2.38  mm.  nozzle 


these  plots,  one  will  note  that  the  CN  and  C2  free  radicals  and 
solid  carbon  all  appear  in  mixtures  of  lower  cyanogen-content 
than  was  the  case  for  the  flame  without  additive.  Indeed, 
examination  of  the  computed  results  shows  that  as  the  amount,  of 
boron  trichloride  is  increased,  all  three  of  these  products  make 
their  appearance  in  flames  of  progressively  lower  cyanogen- 

content.  Stated  in  another  way - as  D  increases,  the  curves  of 

mole  fraction  vs,  R  for  CN,  Caj  and  solid  carbon  all  shift  to  the 
left.  This  simply  reflects  the  fact  that  the  boron  is  competing 
for  the  oocygen. 

The  mole  fractions  of  the  major  products  of  combustion,  as 
well  as  many  minor  ones,  are  not  plotted  in  Figure  11  in  an 
attempt  (albeit  unsuccessful)  to  reduce  clutter.  The  graphs  of 
oxygen,  carbon  monoxide,  carbon  dioxide,  and  nitrogen  all  have 
the  same  form  as  in  Figure  3.  The  mole  fraction  of  nitrogen  atom 
is  reduced  about  two  orders  of  magnitude  at  its  peak  value. 

Boron  nitride  forms  only  to  a  small  extent  (of  the  order  1.5  x 
10“"*')  on  the  rich  side. 

Of  those  species  appearing  in  Figure  11  one  notices  a  decrease 
in  the  mole  fraction  of  oxygen  atom  relative  to  that  in  the 
parent  cyanogen-oxygen  flame;  the  appearance  of  a  BO  curve  similar 
in  shape  to  that  of  nitrogen  atom;  the  relationship  of  the  curves 
for  BO2,  B203(g),  BOCl,  and  Cl;  and  the  fact  that  the  mole  fraction 
of  NO  is  about  the  same  as  in  the  flame  without  boron  trichloride. 

Figure  11  also  shows  that  the  concentration  of  BOg  in  these 
flames  can  reach  values  commensurate  with  those  attained  by  CN  and 
C3  in  the  cases  previously  considered.  However,  as  the  spectrum 
in  Figure  12  indicates,  while  the  spectral  steradiancy  is  of  the 
same  order  of  magnitude  it  is  much  more  broad-band  than  that  of 
CN  or  Cg  and  hence  is  a  much  more  effective  luminous  radiator. 

It  should  also  be  borne  in  mind  that  the  adiabatic  flame  tempera¬ 
tures  associated  with  the  CN  and  Cg  radiation  is  considerably 
higher. 

The  temperature  curve  corresponding  to  the  particular  com¬ 
position  under  discussion  is  shown  in  Figure  13.  The  most 
noticeable  feature  is  the  disappearance  of  the  large  temperature 
spike  at  the  R  =  50  poin+.  The  peak  temperature  occurs  at  lower 
R -values  as  D  is  Increased.  This  can  be  seen  by  examining  Table  1. 

The  data  of  Figure  10  sxill  did  not  permit  us  to  determine 
the  maximum  efficiency.  However,  by  lowering  the  volumetric  flow 
rate  for  the  2.38  mm  nozrle  to  45  cc/sec  the  data  of  Figure  14 
were  obtained.  Plotting  the  data  in  this  manner  permits  the  deter¬ 
mination  of  trends  for  R  and  D  simultaneously  and  independently  of 
each  other. 

The  presence  of  a  maximum  in  the  luminous  efficiency  as  the 
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boron  trichloride  content  is  increased  for  constant  R  is  expected 
on  theoretical  (grounds.  In  Table  2  arc  listed  calculated  values 
for  the  mole  fraction  of  BO^  in  the  product  gases.  Data  from  this 
table  are  plotted  in  Figure  15.  Similarly,  data  from  Table  1  are 
plotted  in  Figure  16.  We  see  that  as  D  increases  at  constant  R 
the  temperature  decreases  monotonically.  The  increase  in  the 
mole  fraction  of  BOj  occurring  simultaneously  can  thus  be  expected 
to  lead  to  a  maximum  in  the  light  emitted  by  this  molecular 
^ecies  since  the  light  emission  is  a  function  of  temperature, 
concentration,  and  geometry  and  the  geometry  remains  essentially 
COTistant. 

The  study  was  extended  to  various  larger -sized  burners  with 
the  results  shown  in  Figure  17.  In  this  figure  the  maximum  value 
of  the  efficiency  measured  for  each  burner  size  is  displayed. 
Insofar  as  was  practical  the  attempt  was  made  to  keep  the  bulk 
average  velocity  constant.  However,  as  the  burner  diameter  was 
increased  it  was  found  necessary  to  increase  the  velocity  to  pre¬ 
vent  flashback.  Thus  the  velocity  for  the  2.38  ram  nozzle  was 
1077  cm/sec  while  the  value  for  the  7.94  mm  nozzle  was  1326  cm/sec. 
Nevertheless  one  can  still  arrive  at  the  general  conclusion  that 
the  efficiency  will  not  be  improved  much  by  any  further  increase 
in  burner  diameter.  This  is  doubtlc  sly  related  to  the  increase 
of  c^tical  density  with  burner  diameter. 

It  was  also  observed  that  as  the  burner  diameter  increased, 
the  value  of  R  at  the  maximum  decreased,  finally  appearing  to 
stabilize  at  R  =  38  for  the  large  burners.  The  explanation  for 
this  phenomenon  probably  lies  in  the  effect  of  air  entrainment. 

As  the  burner  diameter  increases,  the  entrained  air  represents  a 
smaller  fraction  of  the  total  gas  and  its  effect  naturally  becomes 
less  important. 

The  effect  of  hydrogen  on  the  results  was  investigated  by 
studying  the  effect  of  hydrogen  gas  and  hydrogen  cyanide  gas  on 
the  computed  values  for  the  R  =  40,  0  -  7.50  flame.  It  was  found 
that  the  addition  of  ither  of  these  materials  resulted  in  beth 
lower  adiabatic  flame  tenperature  and  lower  mole  fraction  BOj. 
However,  for  the  amounts  which  might  be  present  in  the  reactant 
marerials,  the  effect  would  be  small  indeeci.  If  anything,  the 
efficiencies  studied  would  be  a  little  higher  and  the  burning 
velocities  lower. 

The  present  results  for  the  premixed  flame  shew  that,  at 
least  for  the  particular  cases  studied, the  luminous  efficiency 
of  the  premixed  flame  is  higher  than  that  of  the  diffusion  flame. 
It  is  a  curious  fact  though,  that  both  tyj'es  cf  flames  yielded 
their  maximum  efficiencies  at  approximately  th?  same  composition. 
It  is  tempting  to  speculate  whether  variation  of  the  g.»oaetry 
and/or  flow  rates  could  cause  the  diffusion  flame  to  become  more 
efficient  t.»an  the  premixed  one  due  to  its  ability  to  superpose 
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the  BOg,  CN,  Cgj  and  continuum  radiation  into  one  effective 
source. 


Conclusions 

• 

1.  The  flame  of  cyanogen  and  oxygen  app>ear5  to  have  three 
distinct  conapositional  regimes  with  respect  to  its  lumi.nosity. 

There  is  an  essentially  non-luminous  flame  on  the  lean  side.  This 
is  followed  by  a  luminous  region  having  its  peak  output  for  the 
flame  containing  55%  cyanogen,  which  appears  to  involve  oi*ly 
banded  radiation  from  the  CN  and  Cg  free  radicals.  As  the  cyanogen- 
content  is  increased  further  a  second  luminous  regime  is 
encountered  characterized  by  continuum  radiation  produced  by  solid 
carbon. 

2.  Premixed  cyanogen-oxygen  flames  produce  solid  carbon  for 
compositions  containing  more  than  60%  cyanogen.  This  result  is 
of  interest  with  respect  to  theories  concerr^jd  with  carbon  for¬ 
mation  in  flames, 

3.  The  maximum  luminous  efficiency  for  the  cyanogen-oxygen- 
boron  trichloride  flame  system  measured  during  this  work  is 
33,668  cd-sec/gm  at  5.85%  boron  trichloride  in  a  base  flame  of 

38%  cyanogen.  (R  =  38,  D  =  5.85.)  " 

4.  Luminous  efficiency  increased  with  increasing  bur’^er 
diameter,  rapidly  at  first,  then  more  slowly. 

5.  The  coiq}osition  yielding  the  maximum  efficienev  is  fr*md 
to  be  nearly  the  same  for  the  preraixed  flames  studied  here  as  for 
the  diffusion  flames  studied  previously. 
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Perhaps  many  of  you  are  familiar  with  the  slippery  feel  of  metal 
surfaces  that  are  excited  to  ultrasonic  frequencies.  This  "lubri¬ 
cating”  effect  of  ultrasonic  vibration  on  solid  surfaces  has  been 
known  for  some  time,  and  Is  often  used  to  advantage  in  assembly 
operations  such  as  bolt- tightening  and  Interference-fitting. 

Less  well  known  is  the  friction-reducing  effect  of  ultrasonic 
energy  on  finely  divided  solids.  Maty  of  the  problems  In  powder  com¬ 
paction  are  due  to  partlcle-to-particle  friction,  bridging  of 
particles,  and  friction  between  particles  and  container  or  die  walls. 
Some  years  ago  Technldyne  undertook  investigations  in  the  application 
of  ultrasonics  to  powder  forming  processes  ~  ceramics  and  powder 
metallurgy  —  finding  in  all  instances  that  the  force  required  to 
obtain  a  given  degree  of  compaction  Is  significantly  reduced,  and  the 
compacted  powder  is  more  unlfonn  and  free  from  z*esldual  stresses. 

When  the  powders  are  wetted,  as  In  extrusion,  easting  and  some  types 
of  pressing,  the  effects  of  ultrasonics  may  be  even  more  pronounced, 
and  It  has  been  possible  to  substantially  reduce  tlie  amounts  of 
additive  li<iulds,  lubricants  and  binders  from  normal  values  with 
resulting  process  economies. 

Generally,  the  application  of  ultrasonics  has  resulted  In  Improve' 
ments  as  follows: 

1.  Greater  uniformity  of  compact. 

2.  Higher  density. 

3.  Improved  structural  integrity. 

li.  Fewer  increments  needed,  in  incremental  loading. 

5.  Reduced  compreeslvs  force,  or  temperature. 

6.  Increased  processing  rates. 

7.  Formula  modification  to  eliminate  or  reduce  additives  which 
are  non- functional  after  processing  or  costly  In  processing. 

8.  Improved  case-bonding. 
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There  have  also  been  other  ImproveiPeirte,  snch  as  Improved  fill  of 
mold  or  die,  reduction  of  elastic  rebound,  reduced  processing  tempera¬ 
ture,  more  rapid  cure,  improved  bonding,  increase  in  content  of  most 
desirable  ingredient,  and  lack  of  need  to  process  further  for  size  or 
finish. 

These  investigations  have  been  extended  into  the  processing  of 
pyrotechnics,  propellants  and  explosives.  Initially  there  was  concern 
that  ultrasonics  would  initiate  combustion  or  detonation,  but  a  very 
substantial  amount  of  experience,  without  incident,  argues  strongly 
that  there  is  little  such  risk  (though  we  continue  to  run  sensitivity 
tests,  for  safety,  on  each  r»w  composition). 

I  will  not  go  into  theoiy  supporting  these  obser vationsj  it  is 
covered  in  some  detail  In  the  reports  In  the  bibliography.  And  I 
shall  mention  only  briefly  the  considerations  necessary  for  the  effi¬ 
cient  coupling  of  ultrasonic  energy  Into  particulate  systfflss  that 
being  subjected  to  pressure,  heat,  or  other  processing  conditions. 

In  order  to  deliver  effective  levels  of  ultrasonic  energy  to  an 
area  where  it  does  useful  woric  it  Is  necessary  to  design  the  over-all 
waveguide  system,  firom  transducer  to  working  hardware,  according  to 
acoustic  principles  and  in  such  a  manner  as  to  provide  for  natxiral 
resonance  (as  in  a  tuning  fork).  It  Is  also  necessary  to  isolate  the 
acoustic  system  from  the  mass  of  the  rest  of  the  equipment.  With 
specially  designed,  force-insensitive  waveguide  mounting  systems, 
punches  and  dies  loaded  to  80  tons  have  bean  ultraeonlcally  activated 
without  significant  power  loss  or  frequency  shift. 

Recent  improvements  In  energy-converting  equipment  —  the  use  of 
solid-state  electronic  frequency  convertere  instead  of  electron-tube 
circuits,  and  ceramic  piezoelectric  transducers  to  replace  nagneto- 
strlctlve  nickel  types  --  have  resulted  in  a  several-fold  efficiency 
Increase  in  the  generation  of  ultranonic  pxjwer.  Hence,  the  equipment 
for  apjplylng  ultrasonics  is  much  more  compiact  and  much  less  costly 
than  It  was  only  a  few  years  ago. 

I  have  a  few  slides  which  illustrate  typical  effects  and  data 
from  several  of  the  ultrasonic  investigations. 


Slide  1 


The  first  is  from  oar  ceramic  extrusion  work  and  shows  tl*o  extent 
to  which  the  liquid  (water)  content  can  be  reduced  to  glre  com¬ 
parable  extrusion  under  ultrasonic  energy^ 
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S11J»  2 


Pil»  ahoM  tha  stlfftieaa  of  a  cerantlc  paate  tihlch  can  be  sUp-eaat 
eith  uXtrasonic  energy ,  though  not  othcnrlse. 


This  shoFS,  on  the  right,  the  complete  mold  filling  of  the  slip 
from  the  previous  slide,  when  cast  with  ultrasonics.  In  the 
middle  is  the  same  slip,  casL  with  low-frequency  (sonic)  vibra¬ 
tion.  On  the  left  is  the  amount  that  will  flow  in  by  itself. 


This  Is  the  ultrasonic  array  used  to  press  pyrotechnic  smoke  mix. 
In  this  prc^rara  two  modes  of  ultrasonic  activation  were  evaluated; 
Die  acW'^ation,  shown  here,  and  ram  activation,  shown  in  the  next 


Slide  5 

With  the  L/D  ratio  of  the  K-18  canister  (about  2:1),  either  node 
of  ultraaonic  activation  was  effective  in  Ijaproving  nniforfd-ty 
acd  demltj.  With  ultrasonic  i'ain  activation,  it  vas  possible  to 
load  In  one  increment,  rather  than  three  without  ultrasonics. 
Ei^r  L/D  ratios  favor  die  activation,  irtiich  can  be  extended 
iodsflnitelj’  in  constant  cross-secticn  geometry. 


We  have  recently  finis! 3d  the  first  stage  of  an  investigation  in 
the  extrusion  of  a  flucrocarbon-base  solid  propellant,  under  Navy 
sponsorship. 

uTtlmate  objectives  are  hnprovauentB  in  production,  such  as 
Increased  extrusion  rate,  higher  and  more  unifom  density,  and  dimen¬ 
sional  control  of  as-extruded  material,  to  eliminate  machining  to 
slse. 


SUde  6 


!nils  slide  shows  extrusion  conditions.  Ultrasonic  power  was  at 
different  levels  to  1500  watts  input,  at  15  kHz. 


OONDITIOl© 


-Extrusion  Ratio 
-Tanperature 
-Pressure 
-Ultrasonic  Power 


7.1 

I95-2050F 

2270-3180  psig 

0-1500  Watts 


Slide  7 


This  shows  the  effect  of  ultrasonics  on  extrusion  rate  at  three 
different  pressures,  with  an  inert  propellant. 


EXTRUSION  RATE 
INERT  PROPELLANT 


Ultrasonic 

Extrus' 

Lon  Pressure  (psig) 

Power 

(Watts) 

2725 

2950 

3175 

0 

5.2* 

13.0* 

11.6* 

1.00 

1.00 

1.00 

1000 

1.6* 

7.6* 

16.8* 

l.k6 

0.58 

1.U5 

1500 

7.8* 

13.U* 

l8.1i* 

1.50 

1.03 

1.59 

♦  in/min.  The  other  number  in  each  box  is  the  ratio 
between  the  first  number  and  the  correepondlng 
zero- power  control. 
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Slide  8 

The  esM  eonditione  with  live  propellent  shoe  an  even  greater 
nltraeonie  effect. 


EXTPISION  KATE 
LITE  PL-6301 


intrasonlc 

Power 

(Watts) 

0 

Ertmslon  Pressore  (pelg) 

2500 

2725 

2950 

3.6* 

1.00 

5.9* 

1.00 

13.0» 

1.00 

1000 

10.1* 

15.2* 

25.8^ 

2.81 

2.58 

1.98 

1500 

13.0* 

20.2* 

23.5* 

3.61 

3.1i2 

1.81 

*  in/nln.  The  other  nnmber  In  each  boac  Is  the  ratio 
between  the  first  nunber  and  the  corresponding 
sero-power  control. 
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Slide  ^ 


Id  tilM  inert  propellant  extruelone,  blocks  of  t«o  colors  were 
alternated  so  that  interface  phenosiena  conld  be  obeerred.  Note 
that  the  oon-ultrasonlc  control  was  inconpletely  bonded.  The 
ulti«soDie  interfaces  «ere  perfectly  bonded  and  store  symnetrleal 
in  geoawtric  shape. 


Slide  10 

These  are  the  benefits  deannstrated  in  the  first  stage.  In  the 
second,  nos  undersay,  ire  expect  to  doaonstrate  acceptable  as- 
extroded  shape,  and  to  sozk  out  design  parameters  for  prodnctlon 
eqalpsent. 


SIONiyrCANT  HBSULT3 

—  250  to  300  Percent  Increase  in  Rate 
— ■  Less  Density  Variation 

—  Better  Interface  Between  Propellant  Blocks 
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- 

' 

Ve  are  also  Invaatlgatlng  the  benefits  to  be  obtained  b7  ultra- 

i 

1 

1 

3 

• 

Bonlea  in  the  pressing  of  delay  trains.  The  principal  objectlye  here 

le  to  redace  yarlance  In  born  tine,  bat  ve  also  are  looking  at 
increased  density,  reduced  pressure  with  equal  density,  and  reduced 

i 

I 

nmOMr  of  Inerments. 

It 

Slide  11 

This  shows  the  ultrasonlcally  activated  pneonatlc  press  (28  kHs 
axial  punch)  and  the  alnalnnn  delay  housing.  All  pressings  were 

made  with  100  watts  power  Input  to  the  nagnetostrictj.ve  transdu¬ 

! 

cer. 

- 

- 


u 


V 


-.■ft 


Slide  12 


This  is  s<»i0  veiT-  prelljninaiy  data,  with  a  boron/baritun  chromate 
mix.  It  coTers  only  one  ultrasonic  power  level  and  does  not  go 
into  reduced  Increments.  It  clearly  indicates,  however.  Increased 
compaction  with  ultrasonics  under  normal  pressure,  and  the  possi¬ 
ble  pressure  reduction  with  ultrasonics  for  the  same  degree  of 
compaction.  The  number  of  replicates  is,  unfortunately,  not 
sufficient  to  show  any  conclusions  about  burning  time.  Additional 
data  is  being  obtained  and  will  be  available  at  some  time  in  the 
fntore. 


ULTRASONIC  PRESSIND  OF  DEUI  COLUMNS 

Composition:  Boron  3.5  parts 

Barium  Chromate  96.5  parts 
Super  Floss  5*0  parts 

Column  diameter:  0.22|  inch 
Five- increment  loading,  total  1.5  g. 

No.  of  replicates:  5 


Ultrasonic  Power,  watts 

0 

100 

100 

Pressure,  1000  pei 

kS 

1*5 

39.5 

Delgy  Column  Length 
Inches 

Ave. 

Rat^ 

0.666 

0.036 

0.62U 

0.096 

0.660 

o.om 

Burning  Time 

Seconds 

Ave. 

Range 

2.5Ji 

0.25* 

2.62 

0.30 

2.1*6 

0.25 

-*  range  of  k  only  — 

one  was 

missed. 

Other  projects  currently  started,  but  which  have  not  yet  produced 
data  which  may  be  included  here,  are 

1.  Pressing  long-burning  delay  trains  (Navy). 

2.  Pressing  illuminating  flares  (Amy  and  Navy). 


Additional  early  appUcationa  are 

1.  Casting  and  curing  of  double-base  propellant. 

2.  Casting  of  flares  and  smoife  mixes. 

3.  Extrusion  of  flares  and  smoke  mixes. 

li.  Casting  or  pressing  of  red  phosphorus  with  explosire. 

A  preliminary  investigation  has  also  been  carried  out  in  melt- 
casting  of  an  explosive  (octol). 

In  vomarji  the  application  of  ultrasonic  energy  to  pyrotechnic 
compaction  and  forming  processes  offers  a  general  easing  of  the 
necessary  physical  conditions,  an  extension  of  the  range  of  com¬ 
position  variables,  faster  processing,  more  unifom  and  better 
bonded  compacts,  hl^isr  densities,  and  greater  product  reliability. 
Hot  all  of  these  can  be  obtained  simultaneously  in  most  eases,  but 
conditions  can  be  directed  toward  the  most  desirable  combination  of 
effects. 
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CHARACIBRIZATION  AND  CtflEUICAL  RBACTIVm 
by 

Nllliam  Ripley 

1.  Although  ohemioals  used  In  pyroteohnio  oonpositlons  are 
purchased  under  appropriate  military  specif ications ,  which  are  supposed 
to  control  the  chemical  and  physical  properties  so  that  a  degree  of 
consistency  can  be  expected  in  The  performance  of  the  composition, 
many  pia itioal  pyroteohnicians  are  convinced  from  experience  that 
unpredictable  variations  oooassionally  appear  in  the  performance 
characteristics  of  these  chemical  components.  These  variations  are 
difficult  to  document  for  several  reasons.  For  one  thing,  military 
specifications  do  not  usually  require  e  performance  test  to  determine 
the  reactivity  of  the  components,  but  instead  assume  that  if  the 
ohemlGal  and  particle  siae  lequirements  are  met,  then  the  reao.ion 
characteristics  will  be  acceptable.  Secondly,  variatioiiB  are  often 
subtle  and  may  only  oooassionally  beoaiie  pronounced  enough  to  cause 
serious  performance  ohimges.  Since  there  ere  usually  no  laboratory 
control  tests  available  to  measure  reactivity,  except  the  quality 
control  tests  that  are  ran  cn  the  finished  units,  it  is  difficult  to 
determine  whether  the  prooeea,  the  chemical  components,  or  the  hardware 
is  the  source  of  the  failure.  If  the  ohemioa'l  oomponents  are  suspeoted, 
chemical  analysis  and  particle  size  determination  may  be  rerun  on 
each  component.  However,  the  materials  may  very  well  pass  the  tests, 
although  one  of  the  materials  is  actually  the  source  of  trouble, 
since  the  specifications  tests  do  not  necessarily  reveal  reactivity 
variations. 
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2.  Ifilitarr  speoifloatioiis  for  oheailoal  oonpononts  wsod  in 
p^roteohnio  oonpositions  are  naoessarilf  oonpronises  between  a  sat 
of  ideal  properties  and  the  praotioal  limitations  of  ooiBmercial 
manufacturing  processes.  Certainly,  the  more  rigorous  the  require- 
ownts  the  more  expensive  is  the  process  needed  to  Boeet  them,  Ihirthennore , 
the  "ideal  properties"  of  a  sMterial  depend  uptm  its  use  and  indeed 
Biay  not  always  be  understood.  Ihe  April  1963  edition  of  Metal  Progress 
was  devoted  to  a  spaoial  report  entitled:  "Charaotej'ization  - 
Industry's  Most  Urgent  Materials  Problem  .  .  .  ."  It  is  the  thesis 
of  this  speoial  report  that  most  materials  are  so  poorly  ohar^oterized 
that  oonsttswrs  oaenot  tell  aisnulaoturers  preoisely  what  propertiso 
they  require.  What  are  the  ideal  properties  of  lead  dioxide  when 
it  is  used  as  a  oomponent  in  one  of  the  starter  compositions?  Thoy 
are  not  really  known.  Consequently,  certain  "reasonable"  or  minimum 
requiren&nts  ore  established  for  purity,  oontaninants,  and  particle 
sii;e  that  are  a  compromise  between  what  the  pyrotechnioian  thinks 
he  needs  to  make  a  oompositicifi  with  predictable  performanoe  and  what 
the  aanufaoturer  oan  mke  at  an  utooeptsble  price.  Thex*e  is,  of 
course,  a  good  deal  of  looseness  in  this  arxmuigement.  Variations 
In  the  ohenioal  oomponents  Inevitably  appear  oonsequantly,  so 
do  variations  in  the  performanoe  of  the  fine!  pyroteohnia  item. 

The  veriatlons  in  the  oomponents  may  at  timts  be  so  gross  that  the 
oomponent  fails  to  meet  the  speoifioation  requirements.  On  the  other 
hand  the  oomponent  may  meet  the  speoifioation  requirement  and  still 
introduce  en  undesirable  variation  in  the  nerformanoe  of  the  eompositism. 
At  best,  formula  changes  must  be  made  to  oompensate  for  the  vcriatlon; 


at  worse,  the  state  rial  otaj  be  unusable. 

3.  One  way  out  of  this  situation  is  to  prescribe  additional 
raquirements  for  the  aaaterial  over  and  above  the  general  speoifioation 
requlrenents .  Besides  Inoroasing  the  cost  of  the  oiateriel,  or  f 
running  into  prooureatent  problems  at  any  cost,  the  "additional  re¬ 
quirements"  needed  again  may  not  be  known. 

4.  Another  approach  could  be  the  development  of  a  performance 
tost  for  the  material.  In  such  a  test  the  reactivity  of  the  material 
would  be  evaluated.  Since  the  reactivity  of  the  material  -  that  is, 
the  ease  and  rapidity  with  which  the  material  interacts  with  other 
materials  -  depends  upon  the  totality  of  aU  physical  end  chemical 
properties .  the  effect  of  variations  in  the  material  could  be  seen 
even  if  the  causes  were  not  known. 

5.  This  is  the  approach  that  has  been  used  in  the  study  of 
various  chemical  materials  which  are  used  in  current  pyrotechnic 
compositions.  Variations  in  the  behavior  of  such  materials  as  lead 
dioxide,  red  phosphorus,  magnesium,  and  sodium  nitrate  have  been 
suspected  from  time  to  time,  but  no  hard  data  are  avelleble  to 
support  this  suspicion.  Consequently,  an  investigation  of  the 
reactivity,  as  well  as  some  of  the  ohemioal  futid  physloai  properties, 
of  these  materials  has  been  undertaken.  ^Is  paper  is  oonoerned 
with  the  study  of  lead  dioxide. 

OBJffiCTIVBS 

1,  The  present  Investigation  has  had  six  prlnoipal  objectives: 
a.  To  find  laboratory  methods  of  measuring  the  reactivity, 
or  the  reaction  rate,  of  lead  dioxide  and  ultimately  of  other 


I^rotoohnie  ohvnloftls. 

b.  To  ooaiparo  and  eorr«late  vhon  poasiblo  raaotivit^  raoulta 
obtained  fron  different  nethods  of  detensinine  reaotivltjr. 

0.  To  investigate  a  quantitative  relationship  betwoea  the 
average  partiole  size,  the  surface  area,  snd  the  reaetivitj  of  lead 
dioxide. 

d.  To  detennine  whiob  a^'tiiod  of  loeasuring  the  partiole  size 
is  Bore  valid  in  predicting  the  reactivity  of  lead  dioxide. 

e.  To  deterBine  if  other  factors  besides  the  average 
particle  size  or  surfaoe  area  affeot  the  reactivity  of  lead  dioxide. 

f .  To  detennine  the  variations  in  reactivity  that  exist 
in  lead  dioxide  currently  used  in  production,  and  in  lead  dioxide 
froa  different  sources. 

KHtRggWTAL  RBSOLTS 

1.  Deterstiratlon  of  the  reactivity  of  lead  dioxide 

a.  A  laboratory  test  aethod  for  deteraiiting  the  reactivity, 
or  the  reaction  rate,  of  a  solid  Bsterial  like  lead  dioxide  Bust 
necessarily  be  a  destructive  test.  The  le^  dioxide  is  attacked  by 
soBe  oheoioal  agent,  and  in  the  process  of  the  ensuing  I’eaction,  the 
lead  dioxide  is  destroyed.  The  rate  et  which  the  lead  dioxide  is 
destroyed  is  somehow  Boaeured  and  recorded,  and  this  rate  is  as¬ 
sumed  to  be  related  to  the  reactivity  of  the  lead  dioxide. 

b.  Sinoe  the  lead  dioxide  must  react  with  another  substance , 
three  general  modes  of  reaction  are  possible:  tlie  lead  dioxide  oan 
react  with  a  gas,  with  a  liquid,  or  with  a  solid.  Whils  all  thrse 

of  these  modes  are  currently  under  study,  this  report  is  aainly 
oonosmod  with  a  study  of  the  reaction  of  solid  lead  dioxide  with  a 
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liquid  rcaotaot,  and  with  tha  burning  oharaotariatios  of  oartain 
aolid-solid  ajrstaaM. 

c.  Lead  dioxide  la  diaaolved  by  many  liquid  ohaaloal 
reagenta.  If  «e  obtain  a  temperature- tine  ourve  of  the  reaction 
between  lead  dioxide  and  acme  liquid  reaotant  under  iaothemal  oon- 
ditlona,  two  requlrementa  muat  be  aatiafied  in  ohooalng  a  reaotant: 
•uffloient  heat  muat  be  generated  and  the  reaotion  muat  not  proceed 
either  too  rapidly  or  too  alowly.  Reaotiona  with  hydrogen  peroxide 
and  hydroohlorio  aoid  proved  to  be  too  rapid,  while  the  reaotion  with 
oxallo  aoid  waa  alow  and  developed  little  heat.  A  reagent  waa  finally 
developed,  baaed  on  an  alooholio  aolution  of  oxalio  and  hydroohlorio 
aoids,  which  gave  a  aatiafaotory  time- temperature  ourve.  The  apparatua 
uaad,  V  *on  la  basioally  a  rate  oalorimeter,  ia  ahown  in  Figure  1. 

d.  Caomeroial  lead  dioxide  apooimena  were  obtained  from  five 
different  manufaoturera.  In  order  to  atudy  the  relationship  between 
the  portiole  also  and  the  reactivity,  the  five  speoimena  were 
fraotlonated  by  aedimentatlon  and  liquid  elutriation.  Separation 
uaing  diatilled  water  waa  relatively  eaay  on  the  large  partiole 
speoimena,  but  on  the  small  partiole  speoimena  separation  was  dif¬ 
ficult  at  beat.  This  difficulty  in  obtaining  relatively  ooarse  and 
fine  fractions  Indioates  a  limited  partiole  sise  diatributlon  as  well 
as  the  limits  of  the  fractionating  technique  iteelf. 

e.  All  of  these  curves  reveal  the  rate  at  whioh  heat  ia 

generated  when  lead  dioxide  reacts  with  an  excess  of  alooholio  oxalio 

aoid-hydroohlorlo  aoid  reagent.  Temperature  la  indicated  on  the  T 

coordinate  and  time  on  the  X  coordinate.  Figure  8  shows  the  reaotion 

rate  curves  of  the  five  lead  dioxide  speoimena  plotted  on  the  same 
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scale. 


Reacl^ivity  ;iluniffis.;£Qr.x4iSL  ilioxidc 
Sacip^s  froi  Five  Doaesiic  Manufac 


f.  Ihe  tcaparaturs'-tlM  ourves  obtain»4  from  axothernlo 
reaotlao  of  load  dloxido  with  alo^olio  ozalio  aold-h/droohlorlo 
aoid  solution  are  tisnold  type  ourvotu  This  type  oui^e  is  oharao- 
teristio  of  autooatalytio  reactions,  although  it  has  not  been 
definitely  denonstrated  that  tlio  reaction  is  in  foot  autooatalytio. 

The  infleotion  point  of  oaoh  ourve  has  been  ohoeen  to  oharaoterlse 
the  reaotiou  rate  of  the  individual  sample,  sinoe  at  this  point  the 
rates  of  the  two  oonpeting  prooesses  >  autooatalysis  vhioh  increases 
the  rate  process  versus  depletion  of  lead  dioxide  vhioh  sloes  the 
rate  prooess  -  are  at  equilibrium.  The  rate  of  reaction  at  the 
inflection  point  Is  expressed  as  the  value  of  the  slope  at  that 
point.  When  the  values  obtained  for  the  slope  at  the  infleotion 
point  are  plotted  against  the  reoiprooal  partlole  diameter  for  each 
of  the  lead  dioxide  parent  speoistens  and  its  fractions,  linear 
relationships  are  obtained.  The  individual  slopes  for  each  of  the 
five  lead  dioxide  apeoiowos  obtained  from  U.  S.  Hanufapturers  are 
shovn  in  figure  3.  The  vide  range  of  values  for  the  different  slopes 
is  an  indioation  of  the  variations  In  the  reactivity  of  the  different 
lead  dioxide  speoimens.  for  example,  lead  dioxide  samples  furnished 
by  Manufaotursr  L  and  lianufaoturer  P  have  oomparable  partiole  sites 
(although  different  surfaoe  areas)  and  yet  they  stand  at  the  opposite 
extremes  in  tenw  of  reactivity.  The  reactioo  rate  of  the  speoimen 
from  Hanufaoturer  P  is  in  the  range  of  19  times  as  fast  as  that  of 
Manufacturer  L.  Moreover,  the  heat  energy  released  from  the  different 
speoimens  is  not  the  earns.  The  temperature  rise  shoan  by  the  peak 
height  of  the  ourve  is  about  50%  greater  for  spsoimsas  M.  N,  and  P  than 
for  speoimens  L  and  0,  neeessitating  that  they  be  reoorded  on  a 
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FirURI.  3 

Plot  of  Inflection  Point  of  Temperature -Tine 
Curves  Versus  Reciprocal  Particle  Size  for 
Lead  Dioxide  Samples  from  Five  Domestic 
Manufacturers 


I 


.  T  •  -  - - -.^•. 


hi4h«r  Killlvolt  rmg»  aad  At  a  fastar  ohArt  tpaad.  A  hlghar  haat  of 
roAotion  ladioAtaa  a  dlffaraat  latantAl  aoarff  Md  tharafora  a 
diffarant  oeapoaition  or  struotura.  Tha  lisaAr  plota  ahoan  for  aaoh 
of  tha  laad  diozida  apaolaana  In  Fleura  3  oan  ba  rapraatniad  by  tha 
aquation: 


■hara  tj^  aquala  tha  lapsed  tiaa  at  tha  point  of  inflaotitm,  dT 

dt 

aquala  tha  rata  of  tanparatura  inoraaaa,  d  aquala  tha  a^rarafa 
partiola  diaaatar,  and  X  aquala  a  proportionality  oonataat.  Valitaa 
for  K  am  ahoan  In  Tabla  I. 

2.  nu^iola  also 

a.  Tha  avaraga  paurtiola  aita  of  tha  fiva  parsnt  laad  diozida 
aaaiplaa  aaa  datamioad  by  tha  air  panaaabllity  nathod  ualitd  tha 
Fiahar  Sub  Siava  Sitar.  Valuaa  ara  ahoan  in  Tabla  II. 

b.  tha  aurfaaa  araa  of  tha  laad  diosida  aaaiplaa  aaa  atudlad 
by  tha  nltrogan  adacrption  aathod.  A  Maainoo-Orr  Surfaoa  Araa  > 

Form  Volmm  Aaalyaai .  liodal  MIC- 103,  ahoan  ia  Figura  4.  aaa  iM«d. 

0.  A  oonpu-iaon  of  tha  apaoLfie  aurfaaa  araa,  Sg.  aad  tha 
avaraga  partiola  dlaaatar  for  fiva  parant  aanplao  of  laad  diesida 
and  four  fraotiona  of  ooa  of  tha  parant  aamplaa  (Sanpla  0)  ia  ahoau 
in  Ibkbla  III.  XaeociAiatanoiaa  bataaan  valuaa  for  tha  AFS  aad  valuaa 
for  tha  aurfaoa  araa  ara  avidaat:  a.g.,  tha  AF8  of  Sanpla  L  ia 
a, 15  u  alth  a  aurfaoa  araa  of  .W  •*/g,  ahila  tho  AM  of  Soatplo  F  io 
a.lOu  and  tha  aurfaoa  araa  it  3.71  m*/g.  Alae  it  oac  ba  aaaa  ia 
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Co:npurisDn  of  Reactivity  and  Various  Property 


FIGURE  4  KuiniiBOO~Orr  Pore  Volume- 
Surface  Area  Anal;fz«r  for 
the  Determination  of  Speoifio 
Surface  Area 
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■  V. 


F:Lgur«  S  that  the  two  groups  of  lead  dioxide  saaples  are  deternined 
by  their  surface  areas  and  not  their  average  partiole  disawters. 
Obviously,  this  is  an  instanoe  in  vhioh  the  average  partiole  diamter 
is  not  a  funotioa  of  surfaoe  area  and  where  the  surf^e  area  is  the 
true  7:°operty  that  relates  to  the  reaotivity. 

3.  Burning  oharaoteristios  exhibited  by  pressure- tiae  ourves 

a.  Sinoe  late  1963  the  perforaanoe  of  the  2L-3C-6S  starter 

somposition  used  in  the  Ilk  25  and  Ilk  58  Marine  Location  Markers  has 

been  evaluatad  on  the  basis  of  its  pressure- tiM  curve.  'Ihis 

pressure- tiiae  curve  is  obtained  by  coabueting  12  grams  of  the 

starter  oeapositiai  In  a  oloead  vessel  whioh  is  equipped  with  a 

transducer  and  a  reoorder.  The  apparatus  and  tha  procedure  have  been 

described  In  Rimi  Mo.  41.  Based  on  this  study  an  acceptable  range  of 

burning  oharaoteristios  for  the  Mk  25  Mod  2  starter  eooposltlon  was 

dstemined.  Figure  6  shows  the  pressure- time  curve  for  a  typical 

starter  oomposition  obtained  during  that  study.  Three  properties  of 

the  ourve  wsre  used  to  oharewterise  the  burning  perfomanoe  of  the 

composition.  The  burning  rate,  C,  is  obtained  by  finding  the  angle  of 

the  slope  of  the  ourve  at  tiPonsjc.  that  is,  the  time  at  which  one-half 

of  the  naxifflum  pressure  is  attained.  The  aooepted  range  xor  the 

angle  6  was  ohosen  on  the  basis  of  experience  to  be  55*  to  68* . 

The  maximum  pressure,  P„„,  was  assigned  a  value  of  6.75-9.66  psi. 

The  time  required  for  the  pressure  to  reach  its  maximum  value, 

t  Pjunj,  was  Msigned  a  range  of  6. 1-7. 9  seconds.  Again,  there  was 

no  inner  necessity  about  these  performanoe  requirements.  They  were 

selected  as  reasonable  values  based  on  the  performanoe  of  a  great 

number  of  production  batches  tested  over  several  months.  While  this 
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FIGURE  5 


A  Pres sure -Time  Curve  of 
A  Typical  Mk  25  Mod  2 
Starter  Coitposition 
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•  2.75  secs  •  the  time  at  which  one  half  of  the  maximum 

pressure  is  attained. 

.  64*  •  the  slope  of  the  curve  at 

-  5  secs  -  time  to  the  first  peak,  in  thp  event  there  is 
more  than  one  peak. 

•7.38  secs  ■  time  to  the  maximum  pressure  peak. 

■  8.5  psi  •  maximum  pressure  in  p$i. 

•  7.2  psi  ■  pressure  at  which  the  normal  cooling  curve  of 

the  system  is  established. 

•  1.3  psi  ■  the  difference  between  P^j^^  and  P^. 

the  heat  of  reaction.  This  value  is  not 
derived  from  the  pressure-time  curve,  but 
from  calorimetric  determinations.  It  is 
included  with  the  other  data  for  convenient 
reference. 

■  10. S  secs  -  time  until  normal  cooling  curve  is  established. 


375  cal/g 
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Pressure,  Psi 


Btathod  «as  useful  in  evaluating  the  burning  oharaoteristios  of  the 
starter  oosposition,  no  rigorous  analysis  of  the  significance  of  the 
pressure- tiste  ourve  was  perforated  at  that  time,  or  has  been  performed 
since.  And  although  varieus  factors  which  affeot  the  pressure- tine 
ourve- -Qomposition,  partlole  else,  moisture,  oontasiinants ,  orystalline 
OKtdifioations — were  investigated,  undesirable  variations  that  eluded 
explanation  have  oontinued  to  appear  from  time  to  time. 

b.  Although  the  problem  of  a  standard  oxidizer  and  a 
standard  fuel  has  not  yet  been  solved  to  the  satisfaction  of  everyone, 
some  reproduolble  variations  oan  be  found  among  starter  oompositions 
made  with  the  sasie  silicon  end  ouprio  oxide  but  with  different 
speelmens  of  lead  dioxide.  Table  II  shows  the  values  for  the  burning 
oharaoteristios  of  a  total  of  13  speoimens  from  six  manufaoturers 
along  with  other  lAysloal  and  ohemioal  oharaoteristios. 

0.  Altogether,  this  data  presents  a  baffling  pioture  of 
oontradiotions  and  Inoonslstenoles.  Ilhlle  the  prossure-timi»  curves 
obtained  on  a  single  specimen  are' fairly  reproducible,  there  are  still 
some  individual  runs  that  are  far  beyond  the  norm,  indioatlng  that 
variations  do  exist  in  the  procedure  Itself.  However,  any  attSiiipt 
to  t\lata  the  physloal  and  ohemioal  properties  of  lead  dirzide  that 
were  inveetigated  during  the  course  of  this  work  to  the  burning 
oharaoteristios  shown  by  the  preeeure-tlme  curves  apprere  to  be  futile. 
Take  partlole  size,  for  example:  there  is  no  dieoemible  oorrelation 
between  the  tangent  of  0  and  the  reoiprooal  of  the  average  partlole 
diameter.  Inspeotion  of  Table  II  will  show  that  speoimens  with  small 
average  rartlole  diameters  are  aometimee  relatively  fast  burning  and 

sometimes  relatively  slow  burning.  The  emalleet  epeoimen  with  an  kFS 
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of  O.Sfhi  is  ooapsrablo  In  burning  rate  with  speoiaens  having  APS 
values  of  0.51u  and  1.6$u.  This  laok  of  pattern  or  trend  is  all 
too  olearlj  shovn  bj  the  scatter  of  points  in  Figure  6,  where  tan 
0  is  plotted  versus  the  reoiprooal  of  the  average  partiole  dlaaeter* 
Nor  is  there  any  disoemable  oorrelation  between  the  absolute 
density  or  the  apparent  density  and  the  burning  rate.  Spaolaen  I/>1 
with  the  highest  absolute  density  has  the  high  value  for  the  angle 
0  of  61”;  but  apeoiaen  Q  with  the  seoond  highest  absolute  density 
has  one  of  the  lowest  values  for  the  angle  6,  42‘*.  This  sane  laok 
of  oorrelation  also  exists  between  the  apparent  density  and  the 
burning  rate.  Nor  is  their  any  obvious  relationship  between  the 
purity  and  the  burning  rate.  Saaple  N-2  assayed  79.5^  Pb02,  wfaioh 
is  about  ISi  below  the  ainlsua  speoifioation  requireaent  of  95^. 

Tet  it  bums  relatively  fast  -  6  is  64*  and  the  aaiiaua  pressure  is 
8.6  psi  -  while  the  two  slowest  burning  saaples  have  purities  abova 
96^.  All  this  indlostea  that  soae  other  factor  or  group  of  faotors 
outside  those  considered  in  this  inveatigatlon  deteraine  the  burning 
rate.  This  data  also  suggests  that  the  ailltary  speoifioation  re> 
quireaents  of  lead  dioxide  have  little  or  no  oorrelation  with  the 
burning  ohsraoteristios  of  the  starter  ooapooitioo  of  which  the  lead 
dioxide  is  an  iaportant  ooaponent. 

4.  Burning  rate  of  delay  bodies 

a.  The  inooneluaiveness  of  the  pressure-tiae  curve  study 
aade  it  desirable  to  investigate  further  the  burning  rate  of  solid- 
solid  lead  dioxide  ooapositions.  Consequently,  it  was  deoided  that 
the  burning  tiae  of  delay  bodies  which  noraally  utilise  a  lead 
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dloxld*  ooHpMition  shoald  b«  lnvMti|^t«d . 

b.  The  bomlat  rat*  ia  grmm  par  saooad  of  toa  load  dioild* 
apaeiaaiis  froa  five  D.  S.  Maufaotttrara  la  ahoan  in  Ibbla  Vf.  Alao 
tha  vaight  ot  ooapoaitiOB  that  ooold  b*  praaaad  into  th*  1”  x  l/l* 

I.  D.  aluadnua  dalajr  bodr  ia  ahoan,  aa  aall  aa  tb*  burning  tin*  par 
iaoh.  It  oan  ba  saan  that  th*  burning  rat*  variaa  froa  S.97  g/a*o 
for  apaoiaan  P  to  S.19  g/aao  for  apaeiaan  Ihi,  It  ia  of  paaaing 
intaraat  to  not*  that  thia  apaoiaan  «ith  th*  faataat  burning  rat*  in 
a  dalag  ooapoaitian  axhibitad  the  aloaaat  burning  rata  oa  th*  praaaura- 
tiaa  ourva,  Furtharaora,  it  oan  ba  aaan  that  tha  aaight  of  tha 
dalajr  oonpoaition  ahioh  oould  ba  praaaad  into  th*  body  variaa  froa 
3. 850  graaa  for  Spaoiaan  L  to  3.000  graaa  for  apaoiaan  N-l.  Ihua, 
it  would  appaar  that  thara  ia  a  oorralation  batwaan  tha  avaraga 
partiola  diaaatar,  tha  apparant  danaitp,  and  th*  abaoluta  danaity  of 
th*  load  diozid*  apaoioana,  and  tha  loadad  danaity  of  tha  oonpoaition. 

0.  Flgura  7  shows  tha  plot  of  tha  burning  rat*  in  g/s*e 
varsus  th*  raoiproeal  of  th*  produot  of  th*  abaoluta  danaity  and  th* 
avaraga  partiola  diasMtar.  figur*  8  shows  tha  plot  of  th*  burning 
rata  in  g/s*o  varsus  tha  raoiprooal  of  th*  produot  of  th*  apparant 
danaity  and  th*  avaraga  partiola  dlaaMtar.  Plgur*  9  shows  th*  plot 
of  th*  burning  rate  in  g/sao  varsus  th*  raoiproeal  of  th*  avaraga 
partiola  dlaaater  wultipliad  by  th*  sun  of  th*  raoiprooals  of  th* 
apparant  danaity  and  th*  absolute  dansity.  lha  foot  that  th*  wid* 
diffaranoas  shown  in  Pigur*  7  bacon*  nuoh  lass  pronounead  in  Pigur*  9 
indioates  that  th*  dlffaranoa  in  burning  rates  of  th*  various  load 
dioxida-boron  daisy  oonpoaitioos  daponds  alnost  antiraly  upon  tb* 
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flu)  -ilufi  C>j>:}'flcterlstic®  of  Boron-Lead  Dioxide  Deley  Podies 


Burn  Rate  pm/sec 


avera^  particle  dJ.aa»tf;r  ,  the  vpparant  density  ,  and  the  absolute 
density  of  vhe  load  dioxide  spa^lffian  used  lu  the  delay  ooiipoaition. 

6,  Calorimetry 

a<  Calorific  values  for  the  heats  of  re-iotlon  of  2Ir>3C>5S 
starter  oompositions  made  from  the  various  lead  dioxide  samples 
obtained  from  the  six  domestic  manufacturers  ore  shown  in  Table  II. 

It  «an  be  seen  that  values  range  from  372.44  oal/g  for  sample  0  to 
353.34  oal/q  for  sample  N'2.  It  oan  be  seen  from  the  results  given 
in  Table  II  that  large  variations  in  the  purity  of  the  lead  dioxide 
used  in  the  starter  compositions  do  not  ^how  oori-sspondingly  large 
variations  in  the  calorific  value  of  the  compositions.  Sample  N-2 
assays  at  79. 5^  PbOg  -  15.5^  below  the  minimum  speolfloatioa  re¬ 
quirement  -  and  yet  it  shows  barely  a  Zi,  decrease  in  oalorifio 
output  from  other  samples  (N-4  and  P-l)  that  assay  about  96^  PbOg. 
Horeover,  this  low  purity  does  not  particularly  affect  the  other 
performance  tests  in  an  adverse  way;  the  pressure-time  curve  Is  fast 
and  the  delay  burning  rate  average.  Thus  the  relation  between  the 
per*f ormance  and  the  purity  is  anything  but  clear.  Indications  are 
that  factors  mora  important  than  the  Pb02  assay  dominate  the  performance 
of  the  oomposltione. 

b.  Calo.ific  values  for  the  heats  of  reaction  of  different 
ratios  of  load  dioxide  and  silicon  are  shown  in  Table  V.  From  this 
table  Figure  10  was  obtained  In  which  the  enthalpy  is  plotted  as 
a  function  of  the  percent  of  the  silicon  fuel.  The  enthalpy,  q,  is 
equal  to  the  heat  per  mole  of  available  oxidizer;  or 

A  H  X  molecular  weight  of  oxidizer _ 

*1*  weight  of  composition  X  percent  of  oxidizer 
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where  ^  H  Is  the  oalorlflo  value  of  the  fuel-oxidizer  ooMbinetims 
shown  in  Table  V.  figure  10  indieates  still  another  vajr  of  denonstratlag 
inherent  differenoes  in  the  lead  dioxide  saaaples.  At  the  stoiohiaaetrio 
point  of  about  18^  silicon,  the  enthalpj'  varies  froa  approxiaately 
13.5  K-orl/aiol  for  sample  N  to  16.0  K-oal/nol  for  sample  P,  a  variation 
of  almost  10^. 

CONCLOSIOM 

1.  The  study  of  materials  is  ultimately  the  study  of  the  complex 
Interrelationship  beteeen  properties,  oonposition,  structure,  and 
energy  state.  These  are  all  merely  aspects  of  a  larger  whole.  A 
substance  has  certain  properties  because  of  its  composition,  structure, 
and  energy  state. 

2.  Traditionally,  substances  have  been  characterized  by  their 
ohemloal  composition  (based  on  a  partial  rathar  than  an  ultiaiata 
analysis)  and  by  their  physical  particulate  stata.  In  the  course  of 
this  work  we  have  adopted  an  alternate  approach  to  the  oharaoterieation 
of  substances.  Substances  have  been  characterised  by  their  behavior 
under  a  given  set  of  conditions.  If  they  behave  differently,  it  has 
been  assumed  that  they  are  different;  if  they  ere  different,  then 

some  of  their  measurable  properties  must  be  different. 

3.  Lead  dioxide  was  among  the  substances  chosen  for  this  study 
because  reports  on  its  structure  and  properties  vary  and  because 

its  behavior  as  a  pyrotaohnio  component  has  more  than  ones  come  undar 
suspicion.  Variations  in  its  density  from  7,0  to  9.4  g/co  have  been 
reported  in  the  literature  and  similar  variations  have  been  found  in 
this  study.  The  color  of  oocaieroial  lead  dioxide  varies  from  rod-brown 
to  almost  blaok  while  its  partiole  sise  varies  from  approximately  0.3u 
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to  approx Ina to ly  2.4u.  The  particle  size  distribution,  as  evidenced 
by  the  difficulties  encountered  fraotionating  the  povdersd  material, 
also  varies  from  sample  to  sample,  with  some  materials  suoh  as  sample 
0  shoving  a  considerable  range  of  particle  size,  while  others  suoh  as 
sample  K-3  shoving  almost  no  range  at  ell.  Based  on  x-ray  diffraction 
patterns,  two  types  of  lead  dioxide  -<^-Pb02  and^  -  PbOg  -  have  been 
reported,  although  all  of  the  samples  studied  during  this  investigation 
wore  fundamentally^^  -Pb02.  Differential  thermal  analysis  indicates 
that  there  are  two  distinct  types  of  decomposition  mechanism  shown 
by  the  various  lead  dioxide  samples,  one  characterised  by  three 
endothermic  peaks  (Figure  11)  and  the  other  characterized  by  four 
endothermic  peaks  (Figure  12).  The  heat  of  reaction  of  2-3-5  starter 
composition  mada  from  the  various  lead  dioxide  samples  varies  from 
372.4  oal/g  to  353.3  cal/g.  Chemioal  analysis  utilizing  the  hydrogen 
peroxide  -  lead  dioxide  reaction  indioates  that  the  purity  of  the 
aamplea  varies  from  PbOg  to  95.9%  Pb02.  Similarly,  the  per- 

formanoe  and  reactivity  tests  indicate  significant  differences  in  the 
behavior  of  the  various  lead  dioxide  samples. 

4.  These  measuramenta  of  propartiaa  and  performanoea  raise  two 
immediate  questions:  first,  is  there  any  correlation  between  the 
various  perfonMuioe  tests,  e.g.,  is  the  same  material  always  the 
fastest  reacting  in  all  of  the  tests;  and  secondly,  is  there  any 
correlation  between  the  properties  of  the  lead  dioxide  samples  and 
their  performance? 

5.  Figure  2  shows  that  the  temperature- time  curves  of  the  lead 
dioxide  samples  fall  into  two  distinct  groupe.  The  data  on  apeolfio 
surfaoe  area  in  Table  III  shows  that  these  two  groups  depend  upon 
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th«  surface  area  of  the  lead  dioxide  samples.  For  example,  samples 
L  and  0  which  make  up  the  slow  reaoting  group  have  surface  areas  of 
0.6  m^/g  and  0.96  a^/g  respeotlvelf ,  while  samples  P,  II,  and  N  which 
make  up  the  fast  reaoting  group  have  surface  areas  of  3.72  B^/g, 

4.35  m^/g,  and  4.94  a^/g  respeotively.  For  four  of  these  samples  the 
reaction  rate  constant  Is  a  linear  funotlon  of  the  surface  area,  as 
shown  in  Figure  13.  However,  saaple  P  does  not  fit  into  this  linear 
relationship,  indicating  that  its  reaotiou  rate  constant  is  influenced 
by  some  other  factor  in  addition  to  the  specific  surface  area.  Moreover, 
the  value  of  the  average  particle  diameter  of  saaple  P,  2.36u,  is 
very  poorly  related  to  the  surfcuse  area,  3.72  a^/g,  and  to  the  rcdotion 
rate  of  the  saaple  in  a  liquid  amdiua.  This  is  an  important  instance 
where  the  apd  is  entirely  aisleading  as  a  factor  in  detemining  the 
reactivity,  which  is  in  fact  related  to  the  surface  area.  One  can 
only  speoulate  oonoemlng  the  reason  for  the  large  disorwpanoy  between 
the  value  given  by  the  Fisher  Sub  Sieve  Siser  and  the  value  given  by 
the  Surface  Area  Meter.  The  particles  apparently  have  a  large  internal 
area  and  aay  resemble  porous  bells. 

6.  If  we  turn  now  to  the  reaction  rates  of  these  five  speolaeas 
in  solid-solid  reactions  -  in  this  oase  as  ooaponents  In  a  delay 
composition  -  we  find  little  reeeablanoe  between  the  burning  rates 
and  the  reactivity  rates  shown  In  Teblw  II.  In  the  delay  burning 
rates,  saaple  P  is  the  slowest,  end  seaplee  M,  M,  end  0  are  the 
fastest.  Mot  auoh  resemblance  to  the  deer  out  division  of  groups 
shown  in  Figure  2.  The  slopes  of  the  lines  in  Figure  6  indicate  the 
order  of  inoreaslng  rate  of  reaotlon  to  be  M,  0,  P,  L,  M  with  a  loose 
grouping  of  M  and  0  as  tl»e  slowest  end  M,  L,  and  P  aa  tba  fastest. 
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In  Figurs  7  whsre  the  burning  rata  In  a  dalaj  body  Is  plottad  against 
tha  raolprosal  of  tha  avarage  partlola  slca  tioes  tha  apparont  dansity 
(Inataad  of  tha  absoluta  daaaity  as  in  Figura  6)  tha  linaa  tiraa 
togathar  aoaevhat  and  tba  groupings  ohanga.  Mow  tha  ordar  of  in- 
oraaaing  raaotion  ratas  ora  P,  L.  0,  N,  and  II,  vlth  11  and  N  fomlng 
ona  group  and  0,  L,  and  P  anothar.  Hoaavar,  in  Figura  8  vhara  tha 

affaots  of  partlola  size  ^  ~  *8soluta  density  (  —  )  and 

apparent  density  ( )  are  all  taken  into  aocount,  tha  lines 
draw  even  closer  togathar  and  tha  slopes  of  tha  lines  fall  onoo  again 
into  two  distinct  groups ,  M,  P,  and  N  forming  the  slower  group  and  0 
sad  L  the  faster  group.  Two  things  are  reaarkable  about  this.  The 
first  is  t-hst  the  samples  fall  into  tha  same  groupings  that  ware 
shown  in  the  liquid  raaotion  in  Figure  2:  L  and  0  in  one  group  and 
N,  P,  and  U  in  tha  other.  In  other  words,  when  tha  effects  of  the 
average  partlola  size,  apparent  density,  and  absoluta  density  are 
normalized  -  affaots  that  dominate  the  burning  oharaoteristios  in  a 
delay  -  the  original  groupings  based  on  raeotivlty  in  the  liquid 
reagent  are  restored.  The  seoood  remarkable  thing  is  that  the  order 
of  Inoreaeing  rsaotivlty  is  almost  exactly  reversed.  Sample  L,  the 
sloweet  in  Figure  2,  baoomas  the  fastest  in  Figure  8.  In  the  liquid 
reaction  tha  order  of  inoreastng  raaotion  rates  eas  L,  0.  N,  M,  and 
P;  in  the  delay  burning  rate  the  order  of  daoreasing  raaotion  rates  ia 
L,  0.  N.  P,  and  N. 

7.  If  this  is  indeed  true,  as  It  oartalnly  eaama  to  be,  it 
suggests  a  nuaber  of  Intereatlng  poasibllities.  It  indicates  dif~ 
feranoas  of  "raaotlvity"  exist  over  and  above  differenoes  in  purity, 
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partlola  Blse,  or  surface  area.  It  indicates  that  the  reactivity 
differences  aaj  be  covered  ever  and  obscured  because  one  test  is 
responsive  to  one  set  of  factors  while  a  second  test  oaay  be  responsive 
to  a  second  set  of  factors.  And  it  indicates  that  differences  in 
reactivity  can  be  seen  in  different  types  of  tests  in  which  the  reaction 
rate  of  a  series  of  saaples  laay  be  reversed. 

8.  The  reactivity  results  shown  in  Figure  2,  in  which  powdered 
lead  dioxide  reacts  with  a  liquid  reagent  in  which  it  is  suspended, 
are  almost  exactly  reversed  in  Figure  8,  in  which  lead  dioxide  is 
nixed  with  boron  (aivl  a  viton  binder)  and  pressed  into  a  delay  composition. 
And  furthemore ,  the  order  and  osagnltude  of  the  reactivities  of  the 
five  load  dioxide  saaples  undergo  changes  from  Figure  6  to  Figure  7 
and  finally  to  Figure  6.  Wo  have  already  suggested  an  explanation  for 
this  second  phenomenon.  The  delay  burning  rate  is  largely  dependent 
on  properties  that  affect  the  packing  den3ity--the  particle  sise,  the 

e 

absolute  density,  and  the  apparent  density.  On  the  other  hand,  the 
reaction  rate  of  lead  dioxide  in  aoid  solution  is  largely  dependent 
on  the  surface  area  and  little  affected  by  the  packing  density.  So 
we  see  that  factors  that  may  heavily  affect  the  rate  of  reaction  in 
one  set  of  conditions  may  have  little  effect  on  the  rate  of  reaction 
in  another  set  of  conditions.  And  Indeed  the  properties  thet  cause 
lead  dioxide  to  react  rapidly  in  solution — that  is,  the  particle  else 
and  more  directly  the  surface  area--oauee  It  to  reaot  more  eloely  in 
e  delay  compoaition.  This  ie  beoauae  large  particles  with  a  small 
pertiols  sixe  range  do  not  peck  closely  in  a  delay  compceitlon.  and 
the  increased  porosity  that  result#  causes  the  composition  to 

pro'-agate  the  flame  front  through  it  more  rapidly. 
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5.  Pragpuni-time  curves  are  routinely  obtained  on  starter 
ooQpositions  used  in  the  Uk  25  and  the  Uk  28  Karine  Location  Markers. 

The  p tarter  oomposition  contains  lead  dioxide  in  varying  proportions-- 
uf*ually  20%  by  weight--and  the  lead  dioxide  is  a  key  ootnponent  since 
it  largely  controls  the  ignitability  and  burning  rate  of  the  ooiapositlon. 
The  effect  of  formula  changes  on  the  pressui'e-time  curves  has  already 
been  studied  in  RDTR  No.  41.  However,  continued  variations  in  the 
saoe  formula  have  not  been  satisfactorily  explained.  In  the  present 
study,  it  has  been  shown  that  lead  dioxide  specimens  from  different 
manufacturers,  used  in  otherwise  identical  formulas,  give  a  wide 
range  of  pressure- time  performance  curves,  Tliis  only  confirms  what 
was  already  suspected.  ’Ria  problem  will  no  doubt  continue.  Moi’eover, 
it  must  be  said  that  the  significance  of  the  pressure-time  curve  is 
not  well  .  This  difficulty  is  compounded  by  the  fact  that 

thfTi?  appears  to  be  no  correlation  between  the  form  of  the  pressure- 
time  curv'C  fivit  the  f^ysical  and  chemical  properties  of  lead  dioxide 
studied  in  this  invest  igati  on.  Considerable  diffe.'wiioes  in  purity 
and  average  particle  ai*e,  upon  whloh  the  military  specification  is 
baaed,  appear  to  have  no  directly  discemable  relationship  with  the 
form  of  the  pressure-time  curve.  This  problem  is  currently  under 
study . 

10.  Besides  the  poor  correlation  between  PbO^  purity  and  the 
pressure- time  curve'-Table  II  indicates  that  sample  N-2  has  a  purity 
of  only  79.5%  PbOg  and  yet  it  has  a  fast  prwssurw-tlme  ourve--therw 
is  generally  also  a  poor  correlation  between  PbOg  jxirity  and  the  heat 
of  reaction  cf  the  starter  oompoeiticns ,  For  example,  sample  N-3 
has  a  purity  of  85.1%  PbOg  and  e  calorific  value  of  357.4  oel/g, 
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sample  N-4  has  a  purity  of  96.3^  PbOg  and  a  calorific  value  of  360.4 
oal/g.  This  would  not  appear  to  be  consistent  and  would  indicate 
that  the  evaluation  of  the  chemioal  purity  has  little  relation  with 
the  actual  oxidizing  power  of  the  lead  dioxide  in  a  pyrotechnic 
composition. 
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ABSTRACT 


Exploratory  studies  have  been  conducted  on  pyrotechnic 
screening  smokes.  A  chamber  has  been  constructed  for  eval¬ 
uating  screening  smokes  by  both  a  visual  target  technique 
and  a  light  attenuation  technique.  Using  iiCl4  (FM)  smoke 
agent,  these  methods  have  been  studied  and  standardized. 
Nearly  exact  agreement  in  total  obscuring  power  (TOP)  values 
between  the  two  techniques  has  been  obtained. 

Chemical  smokes,  consisting  of  boron  oxide,  boron 
nitride,  silicon  dioxide,  and  pyrotechnic  oil  fogs,  were 
studied.  Relative  humidity  was  found  to  have  a  pronounced 
effect  on  the  obscuring  power  of  nearly  all  the  smoke  agents 
investigated. 

Boron  oxide  smokes  generated  from  boron  -  lithl’jm  per¬ 
chlorate  mixtures  are  superior  in  TOP  to  the  standard. 

A  satisfactory  boron  nitride  smoke  could  not  be  generated 
from  the  mixtures  Investigated.  The  best  silicon  dioxide 
smoke  was  generated  from  a  silicon-lithium  perchlorate 
composition.  A  major  part  of  the  obscuring  power  is  due 
to  the  presence  of  lithium  chloride  in  the  smoke.  Good 
obscuration  can  be  attained  only  if  good  combustion  is 
achieved.  To  do  this,  it  is  necessary  to  use  fine  par¬ 
ticle  silicon.  Pyrotechnic  oil  fogs  are  superior  in  TOP 
to  FM  below  50%  relative  himildlty,  but  Inferior  under 
more  humid  conditions. 

I .  INTRODUCTION 

The  purpose  of  this  research  was  to  study  a  number  of 
promising  smoke -gene rating  formulations  designed  to  produce 
a  non-toxic,  non-corrosive  smoke  of  maximiun  obscuration  and 
maximum  persistence. 


This  work  was  supported  by  The  Air  Force  Armament  Labora 
tory  (ATCC),  Eglln  Air  Force  Base,  Florida. 


The  ideal  screening  smoke  will  have  the  following  pro¬ 
perties  : 

I  a)  Non  toxic 

b)  Non-corrosive 

c)  Great  persistence  of  smoke 

d)  High  cloud  reflectivity 

e)  Particle  diameter  about  0.6-0.7|i 

f)  Low  index  of  refraction 

g)  Ability  to  react  with  or  absorb  moisture 
from  the  air; 

Since  oil  smokes  are  k'nown  to  meet  the  requirements  of 
a  non-toxic,  non-corrosive,;  and  persistent  smoke,  research 
was  performed  to  improve  tHelr  application  and  overcome  their 
shortcomings.  An  exploratqry  program  to  develop  new  types  of 
smoke  based  on  boron  oxide,  boron  nitride,  and  silicon  dioxide 
was  carried  out.  Optimization  and  evaluation  of  total  obscur¬ 
ing  power  (top)  for  the  various  formulations  were  carried  out 
in  a  specially  designed  smoke  chamber.  Studies  of  safety, 
compatibility,  and  stability  were  performed  on  promising 
smoke  formulations, 

II.  STANDARD  SMOKES  AND  MEASURING  TECHNIQUES 
A .  TECHNIQUE 


A  horizontal  cylindrical  steel  tank,  eight  feet  in  dia¬ 
meter  and  twenty-eight  feet  long,  was  equipped  as  a  smoke 
chamber.  Three  mixing  fans  are  located  at  equal  distances 
apart  along  one  side  of  the  chamber.  Two  rows  of  lights 
( l6  lights  in  all,  6o  watts  each)  are  mounted  running  the 
length  of  the  chamber.  A  visual  target.  Installed  on  a 
track,  is  positioned  to  move  the  length  of  the  smoke  cham¬ 
ber.  The  tank  is  fitted  with  an  airtight  door  and  ports 
for  visual  and  optica]  measurements.  A  floodlight  is  mounted 
Inside  the  chamber  in  line  with  a  collimator  and  external 
photocell  assembly.  Ventilation  is  accomplished  by  two 
overhead  ports  and  an  external  exhaust  fan.  The  Inside  of 
the  tank  is  painted  black. 

Experimentally,  the  smoke  unit  is  functioned  at  about 
the  center  of  the  tank.  The  fans  are  then  turned  on  to 
stir  the  smoke  in  the  chamber  to  uniformity,  and  left  on 
through  the  balance  of  the  test.  Three  minutes  after  opera¬ 
tion  of  the  smoke  unit,  light  attenuation  measurements  are 
started,  and  a  minute  later  visual  obscuration  tests  are 
begun.  Measurements  are  taken  at  five-minute  intervals. 

The  data  at  the  point  of  minimum  light  transmission  and 
maximum  target  obscuration  are  taken  as  representative  for 
the  smoke  unit . 
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Titani’om  tet rachlori'le  (F!'!;  smoke  was  selected  as  a 
standard  for  this  research,  since  it  is  convenient  to  use 
and  less  corrosive  to  the  chamber  and  associated  equipment 
than  a  standard  smoke  such  as  FS.  This  material  is  readily- 
hydrolyzed  by  atmospheric  moisture  to  a  dense  white  smoke. 
Problems  in  disseminating  were  encountered  initially.  Eva¬ 
porative  techniques  reported  in  previous  literature  were 
found  inefficient;  TICI4  gums  at  the  surface  of  the  liquid 
preventing  further  evaporation.  Work  with  atomizers  was 
hindered  by  gumming  at  the  tip  of  the  nozzle.  Finally,  a 
DeVilbiss  paint  sprayer  operated  by  dry  nitrogen  gave  re¬ 
producible  results  with  a  minimal  amount  of  difficulty. 

In  order  to  determine  the  efficiency  and  smoke  yield 
of  experimental  formulations,  an  aerosol  sampling  tectaique 
was  employed.  Smoke  particles  were  collected  on  membrane 
filter  pads  by  means  of  vacuuDi  air-sampling;  9.5-liter  air 
samples  were  taken  at  one-minute  intervals. 

Titanium,  boron,  boron  oxide,  and  boron  nitride  were 
analyzed  nhotometrically.  Chlorine  determinations  were  made 
by  the  Volhard  titration,  technique,  and  by  coulometric  titra¬ 
tion.  Silicon  analyses  were  performed  by  X-ray  fluorescence. 
Lithiimri  was  determined  by  flame  photometry. 

B.  THEORY 

Evaluation  of  th,c  screening  ability  of  smokes  is  based 
on  a  figure  of  merit,  the  total  obscuring  power  (TOP).  TOP 
is  the  area  in  qquarc  feet  that  can  be  obscured  by  a  pound 
of  smoke  formulation. 

By  using  the  light  attenuation  apparatus  and  the  tar¬ 
get  device,  two  independent  methods  of  obtaining  TOP  are 
available.  In  the  target  method,  a  known  smoke  agent  concen¬ 
tration  is  Introducted  in  the  tank,  and  the  obscuration  dis- 
taince  is  measured  by  varying  the  distance  from  the  target 
to  observer.  In  the  light  transmission  method,  the  distance 
is  held  constant,  the  amount  of  smoke  agent  is  varied,  and 
the  concentration  required  for  obscuration  is  determined, 
usually  by  an  extrapolation  technique.  Thus,  by  utilizing 
the  photocell  system,  movable  visual  target,  and  overhead 
llgiits,  a  procedure  was  developed  whereby  all  smoke  clouds 
could  be  evaluated. 

Use  of  the  light  transmission  method  of  evaluating  ob¬ 
scuring  power  is  based  on  the  Beer-Lambert  relationship: 


I  -  lo  e 


-eel 


where  I  is  the  observed  light  intensity,  lo  is  the  initial 
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Intensity  without  smoke,  c  Is  the  concentration  of  smoke, 

1  Is  the  path  length,  and  e  Is  the  scattering  or  extinction 
coefficient. 

TOP  Is  defined  as: 

TOP  =  (2) 

where  1«  Is  the  fixed  distance  to  the  photolamp  and  C*  is 
the  concentration  of  smoke  agent  required  for  obscuration. 
Tlie  asterisk  refers  to  obscuration  conditions. 

At  this  point  it  should  be  noted  that  c  in  Equation 
(l)  refers  to  the  actual  concentration  of  smoke  In  the  cham¬ 
ber,  while  C  in  the  TOP  Equation  (2)  is  the  weight  of  the 
smoke-producing  agent  or  formulation  used,  divided  by  the 
chamber  volume.  These  two  concentrations  are  proportional 
to  each  other, 

c  =  yC  (3) 

where  y  Is  the  yield  of  the  smoke  agent  or  smoke  formulation 
(weight  of  aerosol  produced  per  unit  weight  of  smoke  genera¬ 
ting  composition) .  Yield  is  supposedly  a  constant  for  a 
liquid  agent  such  as  FM,  but  can  vary  with  munition  sl?;e 
for  solid  formulations. 

Combining  Equations  (l),  (2),  and  {3),  we  obtain  the 
total  obscuring  power: 

TOP 'cri^Tn  t") 

where  I*  is  the  transmitted  light  intensity  under  obscura¬ 
tion  conditions.  Researchers  at  Denver  Research  Institute 
(l)  adopted  a  value  of  0.0123  for  I*/lo  at  the  obscuration 
point,  based  on  physiological  studies  concerned  with  the 
discrimination  capability  of  the  human  eye. 

Introducing  this  criterion  into  Equation  C^)  gives: 

In  1_ 

^  In  ^5) 

For  a  ten-gram  smoko  munition  in  the  Dow  chamber,  this 

becomes 

TOP  =  -6620  log  ^  (6) 

lo 
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r  ^  i  Z'ih''  »  H- v#*^? V’'^ r,  iivif-i 

be  taker!  that  meas'^remenr r  are  pe r *''nr’nie''l  -"-n  a  dilute  smck.c 
cloud  for  which  particle  .'oalescerr  re  is  minirnal,  since 
Eauation  (6)  is  only  valid  for  such  a  smoke. 

C .  RESULTS 


1.  Effect  of  Relative  liumldit;^' 

It  was  expected  that  humidity  has  an  influence  on  TO? 
(2).  Using  TiCl4,  a  pronoimced  humidity  effect  was  imme¬ 
diately  observed.  It  also  soon  became  apparent  that  the 
measured  TOP  is  a  function  of  relative  humidity  (R.H.), 
rather  than  absolute  humidity. 

The  values  found  are  exceptionally  high,  in  comparison 
with  previously  reported  TOP  values  for  TiCl4.  Several  ex¬ 
planations  are  offered.  Atomisation  of  TiCl4  is  a  more 
reproducible  and  efficient  method  of  dissemination  than  the 
evaporative  techniques  used  in  some  studies.  Secoridly,  few 
reported  TOP  values  for  TiCl4  are  accompanied  by  relative 
humidity  data.  Denver  Research  Institute  (1)  reports  a 
value  of  3900  for  TiCl4  (FM)  at  60;^  relative  hiunidity,  _in 
good  agreement  with  the  data  reported  In  Figure  1.  A  lower 
TOP  value  of  2050  (humidity  not  specified)  reported  by  DRI 
for  TiCl4  smoke  is  consistent  with  a  relative  humidity  be¬ 
low  30^,  more  characteristic  of  the  climate  in  Denver  than 
the  30-90^  humidity  range  of  Dow's  tests  at  Midland, 

2.  Smoke  Concentration  Effects 

In  order  to  determine  the  range  of  sample  size  nece.s- 
sary  to  give  a  dilute  enough  smoke  for  accurate  TOP  deter¬ 
mination  by  the  light  transmission  method,  measurements 
were  taken  for  five-,  ten-,  and  fifteen-gram  samples  of 
TICI4. 

Plots  of  log  as  a  function  of  the  weight  of  TICI4 
io 

disseminated  showed  a  good  linear  relationsliip  lor  live- 
and  ten-gram  samples,  but  deviations  for  the  fifteen-gram 
charges. 


As  a  result  the  cen-gram  sample  size  was  selected  for 
subsequent  use  in  deterTulning  TOP  by  the  Jight  transmission 
method. 
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Fig.  1  -  Varletlon  of  TOP  with  Percent  Relative 
Humidity  for  lu-Grem  TiCl4  Smoke 


3.  TOP  Values 


The  agreement  between  TOP  vq^l'ues  obtained  by  th-  /isual 
target  and  light  transmission  approaches  is  excellent,  as 
shown  in  Figure  1.  Some  of  the  scatter  of  data  is  due  to 
poor  relative  humidity  measurements  taken  at  the  onset  of 
this  work.  The  technique  used  has  been  upgraded  to  obtain 
more  accurate  readings  in  subsequent  work.  Nevertheless, 
the  agreement  between  the  two  independent  measuring  techni¬ 
ques  is  unexpectedly  good,  and  results  in  a  high  level  of 
confidence  in  the  data  generated. 

4.  Specific  Obscuration 

Up  to  this  point  TOP  has  served  as  a  practical  measure¬ 
ment  to  evaluate  the  obscuring  potential  of  a  smoke  material. 
However,  it  must  also  be  taken  Into  account  that,  when  ten 
grams  of  smoke  agent  material  is  used  in  the  various  experi¬ 
ments,  ten  grams  of  smoke  is  not  necessarily  generated. 
Analyses  of  the  titanium  and  chlorine  in  the  smoke  cloud 
from  TICI4  agent  indicate  less  than  100$^  conversion  of 
TICI4  to  the  smoke  cloud.  From  a  practical  standpoint, 
the  weight  of  material  needed  to  produce  a  smoke  cloud 
of  a  certain  density  is  Important.  However,  a  true  evalua¬ 
tion  of  the  obscuring  ability  of  the  actual  aerosol  smoke 
species  is  not  revealed  in  the  TOP  value. 

Therefore,  a  new  value,  designated  as  specific  obscura¬ 
tion  (Os),  is  proposed.  It  is  obtained  by  using  the  actual 
weight  of  material  in  the  smoke  cloud,  obtained  through  ana¬ 
lysis  of  material  collected  from  the  cloud.  This  value 
should  give  an  indication  of  the  ability  of  the  chemical 
species  Involved  to  obscure.  Og  is  defined  as; 

_  Voliune  of  Tank 

^3  -  'vrr  of  Aerosol  3moke  (lb.)  x  Obscuring  Distance 

(ft.) 

TOP  may  be  obtained  from  Cg  by  multiplying  by  the  yield  of 
the  munition: 


TOP  =  y0<, 

O3  must  be  dete mined  for  various  relative  humidities, 
since  the  same  weight  of  material  disseminated  has  been  shown 
to  have  varying  obscuring  capability  over  a  range  of  relative 
humidltlec.  It  should  be  noted  that  the  weight  of  aerosol¬ 
ized  smoke  does  not  include  the  weight  cf  any  tmreacted  water 
vapor  taken  up  by  the  smoke.  Therefore,  Og  will  have  a  higher 
value  for  hygroscopic  smokes. 
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TiCl4  presents  a  certain  amount  of  difficulty  in  this 
calculation,  since  the  identity,  of  the  smoKc  species  is  not 
definitely  known  and  there  are  probably  mor-^;  than  one  kind. 
Utilizing  the  titanium  and  chlorine  analyses,  the  weight  of 
the  smoke  species  was  calculated  by  assuming  that  the  smoke 
consists  of  a  m.ixture  of  compounds  with  titanium  bonded  to 
oxide,  chloride,  and  oxychloride  groups.  For  convenience, 
the  chlorine  content  in  the  smoke  was  calculated  on  the 
basis  of  TiCl4,  and  the  excess  titanium  not  bonded  to  chlo¬ 
rine  was  calculated  as  TiOa .  Table  I  shows  the  titanium 
and  chlorine  analyses,  the  calculated  weight  of  the  nominal 
smoke  species,  and  the  Og  at  various  relative  humidities. 
Significantly  greater  obscuration  is  attained  at  elevated 
relative  humidities.  The  major  value  of  Og  is  that  it  may 
be  used  to  indj.cate  the  obscuring  power  of  a  smoke  species 
even  though  the  yield  of  the  munition  is  low  and  TOP  values 
are  low. 


Table  I 


Snecific  Obscuration 

for  10- 

Gram  Samples 

of  TiCl4 

Ti 

at 

Various 

Relative  Humidities 

Os 

ft.  ^/Ib. 

Cl 

g. 

TiOa 

g. 

TiCl4 

g- 

Relative 

Humidity 

% 

o  • 

2.5^5 

1.599 

3.12 

1.892 

54 

6,460 

2.43 

0.754 

3.64 

0.982 

41 

6,140 

1.475 

0.955 

1.92 

1.278 

69 

12,610 

1.755 

1.505 

2.16 

1.743 

71 

11,340 

1.56 

0.912 

2.08 

1.220 

79 

17,540 

1.845 

1.  -Lc 

2.445 

1.512 

92 

24,250 

III. 


DEVELOPMENT  AND  EVALUATyN  OF 
experimental  SMUkE  AGENTK 


A.  boron  oxide  smokes 

Table  II  shows  the  relative  smoke-producing  capabilities 
of  sevIrS  boron-containing  fuels  assuming  100^  conversion  tc 
boron  oxide. 
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Table  II 


Relative  Smoke  Producing  Potential  of 
Boron -'Containing  Fuels 

Theoretical  Yield  of  B2O3 


_ Boron-Containing  Fuel  _ g./g.  fuel 

Boron  3.23 
Decaborane,  B10H14  2.85 
Boron  Carbide,  B4C  2.51 
Trlmethoxyboroxlne  (TMB)  O.60 
Methyl  Borate  0.33 
Trlethylborane  O.36 


Since  the  highest  potential  of  boron  oxide  is  available 
from  elemental  boron,  decaborane,  and  boron  carbide,  the 
greatest  research  emphasis  was  placed  on  these  boron-rich 
fuels.  "Experiments  were  also  conducted  on  the  organic  boron 
compounds,  however. 

1,  Decaborane  Fuel 


To  generate  an  obscuring  cloud  of  boron  oxide  smoke, 
study  of  decaborane-fueled  formulations  was  undertaken. 
Sodium,  potassium,  and  ammoniimi  nitrate  oxidizers  formulated 
with  varying  percentages  of  decaborane  generated  moderate 
smoke  clouds.  The  best  cloud  generated  from  a  decaborane 
system  resulted  from  a  65:35  mix  of  decaborane  and  guanidine 
nitrate.  Analysis  of  the  smoke  showed  the  major  constituent 
to  be  boron  oxide  with  minor  amounts  of  elemental  boron  and 
boron  nitride.  Ten-gram  formulations  consisting  of  65^  de¬ 
caborane  and  35^  guanidine  nitrate  have  an  average  conversion 
of  decaborane  to  boron  oxide  of  6o^;  this  corresponds  to  a 
yield  of  108^  of  boron  oxide  on  the  total  weight  of  the 
formulation. 

Visual  and  optical  measurements  were  conducted  in  the 
smoke  chamber  to  evaluate  boron  oxide  smoke.  The  data  are 
presented  in  Figure  2  which  shows  the  variation  with  rela¬ 
tive  humidity  for  a  ten-gram  munition- composed  of  65^  de¬ 
caborane  -  35^  guanidine  nitrate.  Ihere  is  excellent 
agreement  between  the  light  transmission  and  visual  target 
data.  Relative  humidity  has  a  strong  influence  on  the  ob¬ 
scuring  ability  of  this  smoke.  Below  about  8o^  R.H.  it  is 
superior  to  TICI4  in  obscuration. 
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Fig.  2  “  Variation  of  TOP  with  Percent  Relative  Humidity 
for  10-Gram  Munitions  Composed  of  65^ 
Decaborane  -  55^  Guanidine  Nitrate 
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2.  Organic  Boron  Fuels 

Since  decab-orane  is  too  expensive  to  be  considered  for 
an  operational  system,  alternate  fuel  sources  were  sought. 
Alkyl  borates,  boroxines,  and  alkyl  borenes  were  studied. 
Trimethoxyboroxine  (TMB)  and  methyl  borate  were  chosen  for 
evaluation  because  of  their  availability  and  lower  cost. 

TMB  and  methyl  borate  were  atomized  in  the  sejne  apparatus 
used  to  disseminate  TiCl4.  Neither  of  these  liquids  was 
readily  hydrolyzed  by  atmospheric  moisture  to  generate 
smoke  clouds. 

Triethylborane,  a  pyrophoric  liquid,  was  disseminated 
using  the  DeVilbiss  paint  sprayer  and  a  chamber  designed  to 
contain  the  liquid  under  nitrogen.  The  liquid  flamed  in 
air,  generating  a  thin  cloud.  TOP  values  of  1326  and  1820 
ft./Vo.  were  obtained  at  58;^  and  93^  relative  humidity. 

The  reaction  gave  58/^  efficiency  and  21^  yield.  Triethyl¬ 
borane,  containing  only  11^  boron,  has  limited  potential 
for  generating  boron  oxide  smoke  when  compared  to  boron 
and  boron  carbide  fueled  formulations. 

3.  Elemental  Boron  Fuel 

Studies  ’’'ere  initiated  on  smoke  compositions  based  on 
powdered  boron  as  the  fuel.  A  mix  of  60^  boron  - 
lithium  perchlorate  gave  outstanding  performance,  exceeding 
the  decaborane  composition  in  obscuring  power. 

The  effect  of  relative  humidity  for  ten-gram  munitions 
composed  of  6o^  boron  and  lithium  perchlorate  is  shown 
in  Figure  3.  TOP  data  for  the  visual  target  meas’-remen^s 
agree  with  those  obtained  using  light  transmission  data. 

Since  it  is  possible  in  this  system  for  l.lthium  chloride 
smoke  to  be  generated,  work  was  undertaken  to  determine  the 
amount  of  this  compound  present  in  the  smoke  evolyea  from 
the  60^  boron  -  litWum  perchlorate  ^omulation.  Analyses 
indicated  the  presence  of  approximately  8^  by  weight  lithium 
chloride  in  the  smoke,  based  on  the  lithium  content.  Chloride 
analyses  were  lower  than  expected,  ind:' eating  tha.  species 
such  as  lithium  oxide  or  lithium  hydroxide  may  be  present. 

Ten  grams  of  the  boron  -  lithium  perchlorate 
formulation  theoretically  can  yield  l.?9  g.  of  ]ithium 
chloride.  Thus,  approximately  half  of  the  pot en daily 
available  salt  is  accounted  for  in  the  smoke  cloud. 


It  was  assumed,  as  an  approximation,  that  BaOa  has  the 
same  obscurii:g  properties,  whether  produced  from  the  boron  - 
lithium  perchl  'rate  formulation  or  the  decaborane  -  guani- 
dinium  nitrate  mix.  Specific  obscuration  values  were  then 
calculated  for  lithium  chloride  smoke  itself.  At  100^ 
relative  humidity,  a  value  of  24,000  ft.^/lb.  was  derived, 
comparable  to  that  of  FM  smoke. 

4.  Boron  Carbide  Fuel 


A  50:70  mix  of  boron  carbide  and  lithium  perchlorate 
generated  a  good  cloud  of  smoke.  Figure  4  shows  TOP  (using 
light  transmission  data)  as  a  function  of  relative  humidity 
for  ten-gram  munitions  of  this  composition.  No  attempt  was 
made  to  analyze  this  smoke  for  LiCl. 

P.  BORON  NITRIDE  SMOKES 

Attempts  were  made  to  disseminate  boron  nitride.  Hy¬ 
drazine  bisborane  (HBB) ,  a  white  powder,  was  studied  initi¬ 
ally.  On  ignition  of  neat  HBB  pressed  into  a  munition  can, 
little  smoke  was  produced,  but  there  was  much  light,  flame, 
and  ash. 

H  H 

BH3-N-N*BH3  - 2  BN  +  5  Ha 

H  H 


Combination  of  nitrogen-rich  and  boron-rich  compounds 
was  next  investigated.  Polytaz,  the  pseudoplastic  pyroly¬ 
sis  product  of  t rlaminoguanldinium  azide,  and  dekazene 
rBioHia(NH3)2 ]  were  mixed  to  form  a  tough  waxy  composition. 

On  ignition,  it  gave  little  smoke  and  negligible  obscuration. 
Similar  results  were  obtained  for  a  solution  of  bis-hydra- 
zinium  perhydrodecaborate  (HaD),  BioHial NaH4)2 ,  in  hydrazine. 


From  the  results  obtained  on  boron  nitride  smokes,  it 
would  appear  that  BN  formation  occurs  in  the  solid  phase, 
rather  than  after  boron- containing  and  nitrogen-containing 
moieties  are  vaporized.  This  is  supported  by  the  observation 
that  nearly  all  the  BN  product  remains  in  the  munition  can  or 
is  scattered  on  the  floor  of  the  tank  beneath  the  can. 


C.  SILICON  DIOXIDE  SMOKES 

Research  was  initiated  on  producing  SlOa  smoke  from 
pyrotechnics.  Table  III  shows  the  theoretical  yield  of 
SlOa  available  from  various  fuels. 
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Fig.  4  -  Variation  of  TOP  (Light  Transmission 
Method)  with  Relative  Humidity  for 
lO-Greim  Munitions  Composed  of  50^ 

Boron  Carbide  -  70^  Lithium  Perchlorate 
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Table  III 


Relative  Smoke  Producing  Potential  of 
Silicon-Containing  Fuels 

Theoretical  Yield  of  SiOa 


Silicon-Containing  Fuel 

g./g.  fuel 

Silicon 

2. 14 

Silicon  carbide,  SiC 

1.50 

Hexamethyldisilane , 

(CH3)6Sl2 

0.82 

Hexame t hy Idi s i loxane , 
(CH3)6Sl20 

0.7^ 

Most  of  the  research  effort  has  Involved  silicon  end  sili¬ 
con  carbide  fuels,  but  some  work  was  done  on  organic  silicon 
compounds. 

1.  Organic  Silicon  Fuels 

Hexamethyldisilane  (HMDS)  was  prepared  and  distilled  to 
a  pure  product.  It  was  absorbed  on  a  synthetic  silicate 
powder  (Micro-Cel  E) ,  formulated  with  a  solid  oxidizer  such 
as  sodium,  potassium,  or  ammonium  nlti’ate,  and  pressed  into 
a  munition.  On  ignition  there  was  some  smoke  but  mostly  a 
bright  flame. 

Because  of  the  poor  results  obtained  with  alkylsilane 
composition  ,  other  silicon-containing  fuels  were  investiga¬ 
ted. 

2.  Elemental  Silicon  Fuels 

Formulation  development  efforts  were  concentrated  on 
silicon  compositions,  using  various  oxidizers.  The  most 
encouraging  results  were  shown  by  smoke  munitions  consis¬ 
ting  of  elemental  silicon  and  lithium  perchlorate.  A  pyro¬ 
technic  mix  consisting  of  the  stoichiometric  ratio,  55?^ 
elemental  silicon  and  65^  lithium  perchlorate,  is  the  best 
composition  developed  to  date  for  the  production  of  sili¬ 
con  dioxide  smoke.  The  pressed  grain  ignites  without  the 
use  of  a  first-fire  and  a  substantial  cloud  is  generated. 

As  detailed  later,  analysis  of  the  smoke  shows  considerable 
lithium  chloride  along  with  the  silicon  dioxide.  Lithium 
chloride  is  a  hydroscopic  salt  which  contributes  signifi¬ 
cantly  to  the  obscuration  of  the  cloud. 
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Figure  5  shows  TOP  data  as  a  function  of  relr-'-'i  ,c  atani- 
dity  for  10-graai  munitions  composed  of  35^  Si  -  63^  lithium 
perchlorate.  The  low  TOP  values  obtained  are  due  to  the  very 
low  efficiency  of  combustion  of  the  elemental  silicon,  l4^. 

A  sample  of  the  residual  slag  from  this  composition  was  ana¬ 
lyzed  by  X-ray  fluorescence  and  found  to  consist  of  44^  by 
weight  of  silicon.  This  is  consistent  with  the  low  effi¬ 
ciency  of  the  35^  silicon  -  63^  lithium  perchlorate  formula¬ 
tion. 

a.  Fine  Particle  Size  Silicon 


I  The  most  encouraging  results  were  obtained  when  a  series 

i  of  munitions  was  fired  using  varying  particle  size  silicon 

I  powder.  Mesh  sizes  of  200  (74  u;  and  400  (37  u)  wcce  used. 

Significantly  less  light  transmission  was  found  when  smaller 
particle  size  silicon  was  used. 

An  attempt  was  made  to  prepare  a  finer  particle  size 
silicon  powder.  "As  received"  silicon  powder,  which  is  ap¬ 
proximately  200-500  mesh,  was  agitated  with  ceramic  balls 
for  two  hours  on  a  paint  shaker.  By  inspection  with  a 
microscope  most  of  the  treated  material  appeared  to  be  a 
few  microns  in  size.  The  treated  silicon  powder  was  free 
flowing  and  easily  passed  a  400  mesh  screen. 

The  fine  powder  was  formulated  and  fired  in  a  metal 
canister.  It  burned  twice  as  fast  as  the  untreated  powder 
and  analysis  of  the  smoke  showed  a  substantial  Increase  in 
.  efficiency  of  combustion.  The  efficiency  and  yield  were  47^ 

and  33^s  respectively.  At  100%  relative  humidity,  a  TOP 
value  of  approximately  6600  ft.^/lb.  was  attained. 

b.  Fiberglass  Canister 

A  continuing  problem  was  the  combustion  and  melting  of 
the  one-ounce  steel  munition  can  which  is  used  with  the  ten- 
gram  33%  silicon  -  63%  lithium  perchlorate  formulation. 

Upon  functioning  of  the  munition, the  can  becomes  cherry  rad 
and  the  side  and  bottom  bum  out.  Uneven  burning  and  a  loss 
of  pressure  are  consequences.  An  epoxy-reinforced  fiberglass 
canister  was  tried,  and  considerable  improvement  in  the  smoke 
cloud  was  noted. 

Using  the  33%  silicon  -  63%  lithium  perchlorate  formula¬ 
tion  a  series  of  firings  employing  both  fiberglass  and  metal 
canisters  was  made  over  a  range  of  relative  hirmiditles.  The 
size  of  the  fiberglass  canister  approximated  the  dimensions 
of  the  metal  canister.  Upon  combustion  the  fiberglass  canls- 
*  ter  showed  remarkably  little  deterioration  except  for  char 

of  the  organic  constitutents.  Metal  canisters  nearly  always 
disintegrated. 
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Munitions  fired  in  fiberglass  consistently  gave  higher 
TOP  values  than  the  Identical  formulation  fired  in  metal 
canisters.  Analytical  data  confirm  an  Increase  in  effici¬ 
ency  and  yield.  Using  the  fiberglass  canister  an  average 
efficiency  of  27^  was  obtained.  This  is  marked  Improvement 
over  14^  efficiency  for  metal  canisters.  Figure  6  shows 
the  variation  of  TOP  with  relative  humidity  for  munitions 
fired  in  fiberglass  canisters. 

Ihe  metal  canister  appears  responsible  for  a  loss  in 
the  efficiency  of  combustion.  It  is  believed  that  when 
the  metal  munition  can  is  used,  some  of  the  oxidizer  reacts 
with  the  container,  and  is  not  available  to  oxidize  silicon. 
The  resultant  loss  in  efficiency  leads  to  a  lower  TOP,  com¬ 
pared  with  the  fiberglass  munitions.  Some  of  the  increase 
in  TOP  for  fiberglass  containers  also  may  result  from  vola¬ 
tilization  of  components  of  the  bonding  resin  in  the  case. 

A  sample  of  the  smoke  obtained  using  the  fiberglass  canister 
was  gray  in  color,  indicating  the  presence  of  carbcn,  where¬ 
as  smoke  samples  taKen  when  the  metal  canister  was  used 
were  white.  It  is  believed,  however,  that  the  carbon  pro¬ 
duced  contributes  little  to  the  obscuration. 

A  limited  amoiint  of  work  was  done  with  fine  particle 
size  silicon  prepared  by  grinding  in  a  paint  shaker.  For¬ 
mulations  based  on  the  fine  powder  were  fired  in  a  fiber¬ 
glass  canister  at  lOOj^  relative  humidity.  An  efficiency 
and  yield  of  43^  and  32^,  respectively,  and  a  TOP  value 
of  approximately  7900  ft.^/lb.  were  obtained. 

Thus,  by  using  fine  particle  size  silicon  powder  and 
employing  a  fiberglass  canister,  significant  increases  both 
in  combustion  efficiency  and  TOP  have  teen  achieved  for 
silicon  dioxide  smoke  compositions.  They  have  been  shown 
superior  to  FM  smoke  at  ordlnaiy  humidity  levels  by  the 
most  recent  test  results. 

c.  Lithium  Chloride  as  a  Smoke  Constituent 

As  previously  mentioned,  analytical  investigation  of 
the  smoke  from  silicon-lithium  perchlorate  compositions 
revealed  substantial  amounts  of  llthitun  chloride.  As  much 
as  79;^'  ‘'f  the  total  lithium  chloride  available  from  the 
lithium  perchlorate  oxidizer  was  accoimted  for  in  the  smoke 
cloud.  Lithium  chloride  is  hygroscopic,  has  a  low  Index  of 
refraction,  and  should  be  a  very  effective  smoke  screening 
material. 
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RELATIVE  HUMIDITY, % 


g.  o  -  Variation  of  TOP  with  Relative  Humidity 
for  10-Grair.  Munitions  Composed  of  55, Silicon 
^0%  Lithium  Perchlorate  Fired  in  a  Fiberglass 

Canister 


Table  lY  shows  the  data  obtained  for  the  different 
particle  sizes  of  silicon  and  the  different  ':'anister 
materials.  The  yield  of  SiO^,  as  previously  discussed, 
changes  dramatically.  The  LlCl  yield,  however,  is  nearly 
constant . 


Table  IV 


Effect  of 

Silicon  Particle 

Size  a.nd  Canister 

Material 

on  Combustion  and 

Smoke 

Obscuration 

SiOa 

LI 

.01 

Eff., 

Yield 

Eff., 

Yield 

"As  Received" 

Ave . 

Ave 

Ave. 

Ave, 

TO  pa 

Os^ 

Silicon  Powder 

% 

% 

ft.^/lb. 

ft.' 

^'Ib, 

Metal  canister 

13.8 

10. 

4 

69.3 

17.5 

5,000 

17 

,950 

Flbergicss 

canister 

27.0 

20. 

2 

72.1 

18.7 

6 , 300 

16 

,700 

Fine  Silicon 

powder 

Metal  canister 

46 . 8 

35. 

0 

75.3 

19.6 

6,500 

12 

,000 

Fiberglass 

canister 

42.8 

32. 

1 

68.7 

17.8 

7,880 

15 

,750 

^Relative  humidity,  lOO;!' 


Since  the  lata  in  Table  IV  show  a  wide  range  of  yields 
of  SiOa,  it  is  possible  to  calculate  ppproxlmate  values 
for  the  separate  species.  At  100',S  relative  humidity  a  value 
of  1:1,000  ft.^/lb.  was  obtained,  for  SiO^  and  21,000  ft.^/lb. 
for  LlCl.  The  latter  figure  is 'in  agreement  with  the  value 
of  2^,000  ft.^/lb.  obtained  for  IlCl  In  bo ron-f’,.’eled  mix¬ 
tures  . 

From  these  data  it  appears  that  at  l(X);t’  R.if.  LlCl  is 
superior  to  SIO2  as  an  obscuring  smoke  species.  Both  LiCl 
and  SlOo  have  higher  Oc-,  values  them  For  fi-J.iC104 

composition,  only  about  2‘3^  of  the  obscuration  can  be  attri¬ 
buted  to  SiOi.  and  the  balance  to  LlCl,  if  ..'oarse  Si  aiid  a 
metal  canister  Is  used.  This  increases  to  about  ‘*0%  for  a 
fiberglass  canister,  and  to  about  for  fine  particle  Si 

in  a  fiberglass  case. 
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^Silicon  Carbide  Fuel 


b.ilicon  carbide  was  studied  as  a  potential  fuel  for  the 
generacion  of  Si02  smoke.  Various  systems  were  investigated 
involving  nitrate  and  chlorate  oxidizers,  but  poor  results 
were  ob-cained.  Progress  was  made  in  systems  containing 
lithium  perchlorale  as  oxidizer.  The  best  SiC-contalning 
formulation  develoned  to  date  consists  of  55^  SIC  and  ^5^ 
LiC104.  This  system  has  demonstrated  95^  efficiency  and 
1.'4^  yielvd.  A  typical  TOP  value  at  relative  humidity 
was  1470  ft.2/lb.‘ 

A  sample  of  i.O  p  silicon  carbide  powder  was  obtained 
and  investigated  as  a  smoke  fuel.  This  fine  size  material 
was  formulated  into  the  optimized  formulation  of  55%  silicon 
carbide  ~  lithl'jm  perchlorate.  A  small  improvement  in 
combustion  over  that  of  Mie  '^oarser  material  was  evident. 

The  burning  rate  of  the  fine  material  was  markedly  faster 
than  that  of  the  oarse  material. 

D.  FfROTECHNIC  DISSEMINATION  OF  OIL  SMOKES 

Pyrotechnic  dissemination  techniques  for  producing  an 
oil  fog  Involve  the  development  of  heat  from  the  reaction 
Ox  a  pyrotechnic  mix,  which  causes  the  vaporization  of  a 
relatively  low  boiling  fog  oil,  followed  by  condensation 
to  fog  particles  capable  of  obscuration.  Experiments  have 
Involved  the  use  of  an  intimate  mix  of  oil  and  pyrotechnic 
components.  The  hign  efficiency  pyrotechnic  dissemination 
system  utilized  in  this  work  is  based  on  a  nitrogen-rich 
fuel,  thiourea,  formulated  with  KCIO3  oxidizer  to  obtain 
combustion  rates  and  temperatures  conducive  to  the  produc¬ 
tion  of  e.fective  obscuring  smokes. 

Inutjal  studies  revealed  several  difficulties:  (l) 
phyrical  instability  of  the  grain,  (ii)  flaming  during 
com’  ustlon,  and  (ill)  poor  performance  reproducibility. 
Formulations  containing  low  viscosity  oils  tended  to  under¬ 
go  segregation  and  separation  of  the  solids  (KCIO3  and 
thioui-ea),  ueading  to  improper  combustion  and  low  obscur¬ 
ation.  To  overcome  this,  gelation  of  low  viscosity  oils 
and  the  use  of  high  temperature  greases  were  investigated. 

Flam.ing  during  combustion  destroys  the  smoke  agent  and 
gives  diminished  obscuration.  It  was  found  that  proper 
exhaust  vent  dimension...,  correct  oxidizer-fuel  ratios,  and 
j^/i'C'per  oil  concentrations  control  flaming  and  flashing. 

Poor  veproduclblllty  in  the  performance  of  identical 
formulations  was  evident  in  wide  variations  of  combustion 
times  and  obscuration  of  the  fog  generated.  This  difficulty 
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was  attributed  to  agglomeration  of  the  oxidizer.  Tilt  addi¬ 
tion  of  5^  by  weight  of  MgCOa  as  an  anti-caking  agent  to  the 
KCIO3  alleviated  the  problem. 

1.  Fog  Oil  Gelation 

To  overcome  solids  separation  in  formulations  with  low 
viscosity  oils,  a  polyethylene  (PE)  of  melt  index  28,  Dow 
experimental  product  QX-3936.1,  was  employed  as  a  gellant. 
Several  grades  aiid  types  of  oils  were  studied  for  gel  for¬ 
mulation.  Utilizing  identical  formulation  methods  of 
preparation,  and  a  constant  oil  to  PE  ratio,  the  relative 
obscuration  of  varying  molecular  weight  oils  was  studied. 

The  data  indicate  an  inverse  relationship  between  obscur¬ 
ing  power  and  molecular  weight  of  the  oil".  Increased  cloud 
persistence  parallels  the  improved  obscuration.  Table  V 
gives  the  characteristics  of  one  of  the  better  obscuring 
formulation  containing  PE-gelled  Neutral  No.  75. 

The  polyethylene  gelling  agent  QX-5956.I  appears  to 
possess  the  required  properties  of  chemical  compatibility 
with  the  fog-oil,  efficiency  in  gelation,  non-toxicity,  and 
non-corrosiveness.  Pending  extended  surveillance  testing, 
the  gelled  formulation  appears  physically  stable  in  prt^ces- 
sing,  as  well  as  in  ambient  and  elevated  temperature  storage. 

The  gelation  procedure  involves  premixing  of  the  paraf¬ 
finic  oil  (Neutral  No.  75)  with  QX -5956.1  in  a  ratio  of 
6.63’ 1,  heating  to  POO-PIO^C.  with  vigorous  stirring,  and 
cooling  to  room  temperature  with  continued  stirring.  The 
softening  point  of  this  self-supporting  gel  is  approximately 
85-95°C. 

2.  High  Temperature  firease 

The  are  as  a  fog  oil  agent  of  a  high  viscosity,  high 
temperature  grease,  Darina  A-X,  was  investigated.  One  ad¬ 
vantage  would  be  the  simplification  of  processing  through 
elimination  of  the  gelation  step.  The  maximum  obscuration 
attained  was  5700  ft.^/lb.  (visual  target)  for  50-gram 
munitions  of  the  formulation  shown  in  Table  VT.  Three- 
week  surveillance  data  also  indicated  favorable  stability. 

5.  Curable  Folyiiier-Based  Systems 

The  grease  and  gelled  oil  systems  previously  described 
have  the  physical  consistency  of  petrolatum.  For  many  smoke 
applications  more  rigid  or  rubbery  properties  would  be  de¬ 
sirable.  Therefore,  work  was  initiated  on  compositions  con¬ 
taining  a  curable  polymeric  fuel  .based  on  the  epoxy  resin 
glycerin  diglycidyl  ether  (GDGE). 


285 


TaMe  Y 


Characteristics  of  an  Obscuring  Formulation 
Containing  PS-Gelled  Neutral  No.  75  OH 


Ingredients,  ^ 
Thiourea 
KCIO3 
NaHCOa 

Neutral  75  Oil 

Properties 
Consistency 
Weight,  g. 

Height,  in. 
Diameter,  in. 

_ Ignition _ 

Combustion 
Time,  sec. 

Rate,  in. /sec. 

_ Flaming _ 

_ Cloud _ 

Light  trans.  ^ 

TOP,  ft. 2/lb. 
(visual  target) 

Abbr.  Surveillance 


Formulation 

-  'fe.'  - 

10.3 

34.1 

10.3 

43.^ 

6.6 

Petrolatum-like 

30.0 

1.25 

1.25 

Immediate 

102 

0.012 

None 

0.80 

3,900 

Self-supporting 
48  hrs.  ®  72°C. 


Initial  attempts  to  prepare  solid  cured  grains  were 
hindered  by  incompatibility  of  the  oil  with  the  cured  poly¬ 
meric  binder.  Darina  A-X  grejase  and  PE-gelled  No.  75  oil, 
how6VGr^  W6r6  found  to  iniprovG  markGdly  thG  physlcEl  coni'" 
patlbility  of  the  fog  agent  with  the  polymeric  binder, 
maximum  gelled  oil  loading  is  limited  to  40-43^.  Above  this 
level,  incompatibility  of  the  oil  with  the  binder  system  is 
evident. 
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Table  VI 


Properties  of  Obscuring  Fomulatlon  Containing 
TTa Hna  A -X  Grease 

Formulation 


Ingredients,  ji  ""'Tfo. 

Thiourea  9.3 

KCIO3  30.7 

NaHCOa 

Darina  A-X  60.O 

KClOa/thiourea  3-30:1 

Grain  Size,  grams  30.0 

Exhaust  Hole 

Dlam. ,  In.  15/6,^ 

Combustion, 

Time,  sec.  62 

Rate,  In. /sec.  0.020 

Flaming _  None 

Cloud _ 

Light  trans.,  ^  1.0 

TOP,  ft. 2/lb. 

(Visual  target)  3*700 


Although  only  a  brief  study  was  made  of  polymer-based 
white  smoke  compositions,  promising  results  were  obtained. 
No  TOP  measurements  were  performed,  but  visual  observations 
were  favorable. 


IV.  SUMMARY 


Figure  7  shows  the  measured  TOP  as  a  function  of  rela¬ 
tive  humidity  for  the  smoke  agents  studied  in  this  program. 
Of  the  novel  smoke  formulations  developed,  the  605^  boron  - 
405^  lithium  perchlorate  mix  has  given  the  highest  TOP  values 
over  a  wide  range  of  humidity  conditions.  Decaborane-fueled 
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Fig.  7  -  Variation  of  TOP  with  Relative  Humidity 
for  Smoke  Formulations  Studied 
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Fig.  8  -  Specific  Obscuration  of  Smoke  Materials  as 
a  Function  of  Relative  Humidity 
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compositions  are  next  in  effectiveness,  followed  by  the  sili¬ 
con-fueled  and  the  boron  carbide-based  formulations.  The 
data  given  for  silicon  formulations  were  obtained  using  as 
received  Si  powder  and  fiberglass  mvinitlon  cases.  Higher 
TOP  Values  are  obtained  when  fine  ground  Si  is  employed. 
Pyrotechnic  fog  oil  compositions  are  intermediate  between 
decaborane  and  silicon  formulations  at  50^  R.H.  However, 
very  little  change  in  TOP  is  expeci,t;d  with  relative  humidity 
for  these  smoke  compositions.  The  standard  FM  smoke  is  ap¬ 
proximately  equivalent  to  the  boron  carbide  composition  in 
the  50-605^  R.H.  range,  and  superior  above  6o%  R.H. 

On  the  basis  of  specific  obscuration,  which  ranks  smoke 
agents  in  the  order  of  extrapolated  potential  rather  than 
demonstrated  effectiveness,  there  Is  a  different  outlook, 
as  shown  in  Figure  8.  Lithium  chloride  ranks  highest  in 
obscuration,  followed  by  FM  smoke,  SxOsj  and  then  B2O3 
smoke.  Using  these  data,  it  is  possible  to  predict  the 
TOP  of  the  various  experimental  formulations,  assuming 
1Q0%  conversion  of  ingredients  to  smoke  species.  At  100^ 
R.H.,  one  would  predict: 

11.200  ft. 2/lb.  for  30$e  B4C-70^  LiC104, 

13,000  ft. 2/lb.  for  65^  BioHi4  -  35^  GUNO3, 

15.500  ft. 2/lb.  for  60^  B-4o^  LiC104, 

14.500  ft.2/ib.  for  55^  SiC-45^  LICIO4,  and 

15.200  ft.2/ib.  for  ^5%  Sl-65^  LIGIO4. 

The  safety  euid  surveillance  aspects  of  these  composi¬ 
tions  must  also  be  considered.  The  60%  boron  -  4o^  lithium 
perchlorate  system  is  the  only  one  found  to  be  sensitive  to 
spark.  The  impact  sensitivity  is  not  prohibitive.  Its  fast 
burning  rate  and  the  tendency  of  the  smoke  to  pillar  would 
limit  its  use,  and  all  attempts  to  overcome  this  have  de¬ 
graded  the  smoke.  This  system  has  shown  stability  over  a 
twelve-week  surveillance  period  at  both  ambient  Eind  elevated 
temperatures. 

The  305^  boron  carbide  -  70^^  lithium  perchlorate  formu¬ 
lation  is  not  sensitive  to  spark,  and  its  Impact  sensitivity 
is  not  troublesome.  The  silicon  formulation  is  not  stable 
in  extended  surveillance  testing,  probably  because  of  reac¬ 
tion  of  the  oxidizer  with  mol.sture. 
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The  gelled  Neutral  75  oil  formulated  with  KCIO3  -  thio¬ 
urea  pyromlx  Is  the  most  promising  fig-oll  generator.  It 
Is  not  sensitive  to  electrostatic  spark  below  18.75  Joules 
(which  is  the  limit  of  the  instrument  capacity).  The  for¬ 
mulation  has  an  acceptable  sensitivity  to  impact.  The 
system  also  exhibits  advantages  over  the  other  compositions 
studied  in  its  burning  time.  Munitions  could  be  designed 
to  produce  a  continuous  fog  over  a  long  time  period.  No 
surveillance  work  has  been  done  on  this  system. 
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HEATS  OF  REACTION  PLOTS  AS  UESICN  CRITERIA  FOR 
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HEATS  OF  REACnON  PLOTS  AS  DESIGN  CRITERIA  FOR 


PYROTECHNIC  REACTIONS 
DR.  JOSEIK  H.  MC  LAIN 


The  self  propagating  exothemic  reaction  between  solids  has  not 
been  widely  studied  and  in  some  respects  this  is  surprising  from  a 
theoretical  as  well  as  practical  point  of  view.  It  would  seem  to 
offer  unique  opportunities  to  study  accurately  the  propagation  of 
combustion  because  the  reactions  (at  least  some  of  them)  are  rela¬ 
tively  slow  and  reproducible  inasmuch  as  long  range  diffusion  and 
convection  effects  are  generally  negligible . As  a  practical  matter 
the  study  is  important  in  the  design  of  delay  mixes,  flare  mixes, 
propellant  and  igniter  mixes. 

Even  the  recent  burgeoning  of  interest  in  solid  state  chemistry 
continues  to  omit  and  neglect  this  interesting  area  of  solid  reacti¬ 
vity  .'^''^''^'Pbssibly  this  is  because  there  has  been  very  little  in 
the  open  literature  about  these  reactions..  Seme  noticeable  and  im¬ 
portant  exceptions  are  Spice  and  Staveley , '^'Hill  et  al.'  ' 

In  fact  this  article  owes  a  great  deal  to  these  contributions 
particularly  those  of  Spice  and  Staveley,  and  it  is  hoped  that  the 
ideeis  put  forward  by  them  and  extended  by  this  work  will  Increase 
the  interest  in  the  theory  of  these  reactions. 

Experimental 


Pb02  -  Si  System 

Pb02  was  "Baker  Analyzed"  Reagent  grade  with  an  assaj-  of  99-2^ 

R»02. 

Silicon  was  Belmont  Smelting  and  Refining  Co.  of  approximately 
5/\ average  particle  size. 

Mixing  was  done  in  dl5*:Uled  water  by  means  of  a  Waring  Blender. 
The  mixture  was  sucked  dry  on  a  Buchner  and  the  oven  dried  filter  cake 
was  screened  through  a  50  mesh  screen  six  times. 

A  F^irr  Bomb  calorimeter  previously  calibrated  was  used  for  the 
heats  of  reaction  by  the  hot  wire  method. 

In  accordance  more  or  less  with  the  treatment  by  Spice  and 
Staveley  it  is  possible  to  ase  experimental  heats  of  reaction  to 
choose  between  possible  reactions. 

Their  metticd  was  to  calculate  Q  (the  amount  of  heat  given  off 
by  that  weight  of  a  mixture  that  contains  one  mole  of  oxidizer.  A 
plot  of  Q  versus  the  ^  reductant  was  then  made  for  a  given  binary 
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2. 


system.  Eleven  of  their  systems  were  found  to  be  Class  I  systems,*  i.e. 
where  Q  continues  to  Increase  as  the  reducing  agent  content  is  Increased 
up  to  that  composition  where  the  reducing  agent  uses  up  all  the  oxidizing 
agent.  This  jjoint  should  correspond  to  the  stoichiometric  composition. 
Also  it  is  at  this  point  thatdH,  the  heat  evolved  per  gram  of  mixture 
should  be  a  maximur;. 

From  these  plots  and  calculation  of  Q  for  postulated  reactions 
certain  conclusions  were  obtained  as  ^-o  the  chemical  nature  of  the 
products  and  what  the  reaction  was  on  which  stoichiometry  should  be 
btised. 

Another  method  of  differentiation  between  possible  reactions  is 
the  use  of  4H  versus  ^  reductant. 

An  example  of  this  is  the  PbC)2  -  Si  System,  and  can  best  be 
explained  by  Figure  1  in  which  heats  of  reaction  calculated  from  heats 
of  formation  data  for  various  candidate  reactions  corresponding  to  a 
given  percentage  of  silicon  is  shown  by  the  solid  line.  The  experl- 
heats  of  reaction  from  calorimetric  measurements  are  shown  by 
the  dotted  line. 

As  can  be  seen  the  maximum/lH  (experimental)  which  should  cor¬ 
respond  to  the  stoichiometric  reaction  occurs  at  approximately  10% 
silicon  as  does  the  theoretical  H  calculated  for  the  expected  reac¬ 
tion  PbOp  +  Si  _ .  Pb  +  SlOo. 

The  other  equations  postulated  and  used  for  the  calculation  of 
the  theoretical  H  curve  were: 

S 1  U  IbOo  ^  Pb(^  S  i0£|  Oo 

Si  +  3  PhOy _ ^  SiOp  +  3  FbO  +  1/2  0^ 

Si  +  PbOp _ ^  Pbp  SiOi, 

2  Si  +  3  PbOo _ ^  2  Pb  SiOj  +  Pb 

J  Si  +2  PbO_2 _  SiO^  +  2  SiO  ♦  2  Ft- 

2  Si  PbO^ _ ^  R'  ♦  2  SlO 

3  Si  -»■  IbO., _ ^  R  +  Si  +  2  SIO 

It  is  interesting  to  .Tote  that  in  this  particular  system  Q 
plotted  versus  i  silicon  does  not  reach  a  constant  value  as  i>iown 
by  Figure  2  and  therefore  does  net  conform  to  the  Spice  i  Staveley 
criterion  for  Class  I  systems  or  there  may  be  more  than  one  reaction 
operative  over  the  burning  range.  But  In  the  3  to  j0%  silicon  range 
the  Q  plot  cliovs  thnt  there  is  probably  only  one  vcactlon  but  at  a 
slightly  nlgher  (approximately  lt%  silicon). 

•Class  I  3ystei<m  are  tlxjse  in  which  Q  rises  bo  a  constant  value 
with  increasing  propertion  of  reducing  agecit  which  indicates  quite 
strongly  that  there  is  only  one  reaction  operating  in  this  range  of 
coftiposition. 
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Further  insight  as  to  the  nature  of  the  operative  reaction  may  be 
obtained  by  rates  of  burning  versus  ^  reductant,  inasmuch  as  if  the 
same  reaction  is  operative  within  the  range  of  compositions  with  which 
we  are  concerned  it  is  just  that  percentage  composition  that  gives  a 
maximum dH  that  should  give  a  maximum  rate  of  burning.  Unfortunately 
the  data  on  burning  rates  for  the  Pb02  -  Si  system  are  in  centimeters 
per  second  rather  than  grams  per  second.  This  makes  quite  a  differ¬ 
ence  especially  when  there  is  a  wide  8ei«ration  in  densities  of  the 
oxidizing  and  reducing  agents  such  as  is  the  case  in  this  systen. 


RATE  OF  BUKRIBG-.  HEAT  OF  BEACTIQS  AMD 
NATURE  OF  REACTIPM 


The  application  of  burning  rate  and  heat  of  reaction  data  on  the 
determination  of  stoichiometry  can  best  be  described  by  using  the 
data  on  the  B-BaCrOj^  system  taken  from  Table  5-16,  page  5-37  of  the 
source  referenced  below. The  applicable  data  are  contained  in 
Table  1 . 

A  plot  of  burning  rate ,  Q  andid  H  versus  ^  boron  is  shown  as 
Figure  3* 

Discussion  of  Results 


Stoichiometry 

It  has  been  the  usual  practice  in  delay  train  technology  to  stsirt 
development  of  a  given  mix  by  going  to  the  intuitively  stoichiometric 
mix  and  then  varying  of  the  %  reductant  to  reach  the  envelope  desired 
for  the  munition.  One  of  the  standards  mixes  Involvixig  B  and  BaCrO^ 
is  a  5-95  B-BaCr04  (see  Table  5-1^,  page  5-35  of  reference  (?).) 

This  would  be  "stoichiometric"  for  the  following  reaction  which 
calculates  to  be 

2B  +  2BaCr04 _ ^  B2O3  +  2BaO  +  Cr203  (l) 

just  slightly  over  4^  boron. 

Yet  it  is  obvious  that  from  the  Q,nH  and  burning  rates  as  plotted 
in  Figure  3  that  the  stoichiometric  percentage  coo^ositlon  for  the 
system  is  somewhere  about  15^. 
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TABLE  I 


»  Boron 

Q 

kcal 

Burning  Time 
Sec. 

Charge  Weight 

Me 

Burning  ] 

mcr/imn 

3.0 

Incomplete  react 

7.56 

2130 

282 

3.5 

278 

68.7 

3.54 

2150 

608 

4.0 

354 

93.0 

1.72 

214o 

1245 

4.5 

400 

106 

1.44 

2125 

1475 

5.0 

420 

112 

1.09 

2130 

1956 

6.0 

431* 

116 

0.767 

2110 

2750 

7.0 

453 

123 

0.653 

2000 

3060 

8.0 

462 

127 

0.560 

2000 

3570 

9.0 

474 

132 

0.539 

2000 

3720 

10.0 

515 

145 

0.465 

1975 

4250 

11.0 

536 

152 

0,432 

1925 

4450 

13.0 

556 

162 

0,397 

1900 

4820 

15.0 

551 

164 

0.382 

1875 

4910 

17.0 

543 

161 

0.375 

1800 

4800 

19.0 

535 

167 

0.366 

1750 

4790 

21,0 

526 

168 

0.375 

1685 

4500 

23.0 

503 

165 

0.407 

1650 

4050 

25.0 

497 

168 

0.433 

1625 

3750 

30.0 

473 

171 

0.574 

1611 

2820 

35.0 

446 

173 

0.965 

1500 

1555 

40.0 

399 

168 

2.19 

1430 

653 

45.0 

364 

168 

5.25+ 

1360 

259 

50.0 

Incomplete  react 

i4.5  + 

— 

- §2— 

♦Reported  as  231  but  data  obtained  in  this  laboratory  aialces  it  apparent 
that  this  is  a  typographical  error. 


+Tiro  rounds  not  ignited. 
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The  calculated  percentage  for  the  following  equation 

4B  +  BaCrO^ _ ^  4B0  +  Ba  +  Cr(2) 

ia  slightly  more  than  lU.^^. 

Although  equation  (2)  is  somewhat  surprising  to  most  chemists  perhaps 
this  is  because  we  have  conditioned  to  a  world  in  which  the  25*C  condi¬ 
tions  for  stability  play  too  large  a  role.  If  wo  are  interested  in 
what  goes  on  in  the  combustion  zone,  that  is  the  operating  reaction  we 
should  be  Mndltioned  to  stabilities  at  flame  tsD5)eratures  of  the  order 
of  3000 As  a  matter  of  fact,  BO  has  beer  found  in  the  combustion 
zone  of  burning  propellants  to  which  boron  h£,a  been  fidded. 

Burning  Rates 

As  can  be  seen  from  figures  (2)  and  (j)  the  maximum  rate  of  burning 
as  well  as  the  maximum  experimental n H  i;^  somewhat  to  the  right  (higher 
reductant  content)  than  theoretical.  Of  some  twenty  other  delay  systems 
for  which  I  have  made  similar  plots,  this  has  been  found  to  be  true  to 
a  greater  or  lesser  degree.  This  displacement  is  generally  greater  if 
the  reducing  agent  ia  a  metal  such  as  iron,  antimony  or  manganese, 
which  points  toward  the  effect  of  heat  transfer  in  columnar  burning 
inasmuch  as  the  metals  are  much  better  heat  conductors  than  the  non- 
metallic  oxidizers  provided  the  mechanism  of  propagation  is  basically 
one  of  heat  transfer  as  projosed  by  Spice  and  Staveley  and  Hill. 

This  postulate  is  supported  by  other  experimental  evidence. 

(1)  Smaller  the  heats  of  reaction  in  caj/g  the  more  to  the 
right  of  theoretical. 

(2)  The  slope  ci  the  R/fl  curve  prior  to  theoretical  maximum  is 
always  much  steeper  loan  it  is  after  the  maximum  which  can  be  explained 
by  regarding  the  first  portion  of  the  curve  as  one  in*whlch  the  excess 
oxidizer  is  acting  a  better  heat  i.isulaa>r  than  the  excess  reductant 
in  the  after  porth  n  of  the  curve. 

Practicax  Aaplication  U  Delay  Systems 

Once  a  system  has  been  studied  in  detail  such  eis  the  B  -  BaCrOij 
system  used  above  it  is  fairly  obvious  that  its  optlmimi  performance 
requires  the  stoichiometric  composition  in  that  it  will  be  more  easily 
ignitable  and  will  propogate  more  readily  with  less  chance  for  duds. 

However,  sometimes  design  requireiwnts  require  that  the  burning 
rate  be  slower  than  the  2.07  inches  per  second  that  corresponds  to 
the  maximum  rate  of  burning.  It  may  be  required  that  only  one  inch 
of  delay  train  can  be  used  and  that  the  delay  time  be  one  second.  It 
has  been  traditional  for  design  engineers  to  go  to  the  K/B  curve  and 
choose  the  lower  percentage  reductant  mix  which  will  give  in  theory 
the  desired  rate:  for  the  system  under  disciission  Ojt  boron.  Although 
there  is  an  alternative  available  on  the  far  side  of  the  aaximw  yyft 
boron,  which  should  be  equally  applicable.  I  have  never  seen  the  latter 
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alternative  used.  In  most  other  systems  than  B  -  BaCrOi^  the  higher 
reductant  alternative  should  be  more  desirable  in  that  mixing  problems 
and  departures  from  homogeneity  should  give  less  effect  on  delay  times 
because  the  slope  is  not  so  steep. 

The  B-  BaCrOj^  system  was  selected,  however,  to  point  out  that 
neither  of  the  alternatives  posed  is  in  reality  the  proper  selection. 
Any  "gasless”  delay  system  should  be  used  at  its  optimum  or  stoich¬ 
iometric  because  it  is  there  and  only  there  that  there  is  a  plateau 
and  departures  from  homogeneity  or  alight  differences  in  new  lots  of 
chemicals  make  but  a  very  ali^t  change  in  the  burning  rate. 

But  the  question  is  --  how  does  one  get  the  desired  delay  time? 
The  answer  is  of  course,  nothing  new  to  th^  art  --  add  an  inert  (to 
the  chemical  reaction)  ingredient  which  will  serve  as  a  heat  sink  such 
M  kaolin,  infusorial  earth,  super  floss,  et  al.  As  said  before,  this 
is  not  new  and  has  been  done  many  times  before.  The  converse  of  this, 
i.e.  adding  one  or  two  percent  of  powdered  copper  or  silver  to  get 
increeised  rate  of  burning  has  never  been  tried  to  my  knowledge  in  the 
"gasless"  mix  area.  Metallic  strand  inserts  in  propellant  grains  have 
been  used  but  the  mechanisms  ore  quite  different. 

The  consequences  of  this  "rule"  of  application  would  be  that 
stoichiometric  mixes  of  any  given  system  would  always  be  used  within 
a  certain  envelope  of  delay  times  that  would  be  determined  by  experi¬ 
ment  auid  in  most  cases  should  not  exceed  ^  of  inert  additive.  If  the 
design  criteria  are  such  as  to  demand  more  delay  per  inch  than  can  be 
allowed  with  this  system  then  another  and  naturally  slower  burning  ^ 
system  should  be  used  at  its  predetermined  (by  experiment)  stoichio¬ 
metric  composition. 

Mechanism 


I  have  mentioned  previously  that  delsiy  mixes  that  have  good  con¬ 
ductors  as  reducing  agents  have  their  maximum  burning  rates  well  to 
the  right  of  the  stoichiometric  W^t.  Such  is  the  case  with  Dl6 
delay  mix.  (Mn,  PbCrOb,  BaCrOi^),  and  with  the  high  percentage 
iron  mixes  used  by  Kill  and  Cottrell.'^' 

Attempts  to  treat  the  illuminating  flare  mix  (Mg.  HaMO^,  Lamlnoc) 
which  also  has  a  high  metallic  content  from  data  obtained  at  N.A.D. 
Crane^^  gave  an  exact  agreeswnt  between  maximum  rate  of  burning  and 
the  Inflection  point  at  5C^  magnesium.  I  was  forced  to  conclude 
that  the  heat  conductance  mechanism  did  not  bold  in  this  system  but 
that  the  energy  for  propagation  of  burning  must  be  delivered  to  the 
next  zone  by  some  other  mechanism  such  as  radiative  transfer.  Some 
previous  studies  on  this  mix  had  led  to  the  earns  conclusions. 

It  does  sIkjw  the  mix  to  be  a  Class  I  and  that  the  stoichlossetrlc 
point  is  3df,  magnesium.  Thus  the  magnesium  percentage  should  not  be 
varied  to  get  various  burning  times  as  is  the  general  practice  in 
flare  mixes  as  well  as  delay  mixes,  but  a  composition  should  be  deter¬ 
mined  and  used  with  necessary  inert  additives. 
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Qulckaix  Prooaaa  nay  lUplnco  ConwniiotMl  Mixing. 


Early  in  1956,  a  group  o#  Baeaarch  personnel  at  Rocketdync ,  a  Divinion 
of  North  Ajaerican  Aviation,  Inc.  ,  conducted  a  brainatoraiing  seaiion  to 
eliiainate  the  hazard  inherent  in  processing' solid  propellants.  As  a 
basic  preause  it  was  stated  that  a  simple  propellant  could  be  made  by 
cmbining  a  granule  of  oxidizer  and  a  droplet  of  fu:>l-binder.  ''How, 
they  were  asked,  "can  t,his  be  safely  accomplished  on  a  production  scale?* 

Frcai  this  session  come  the  concept  that  grew  into  Quickmix;  First, 
separate  the  aolid  porticlee  from  each  other  so  tlwt  there  is  coneider- 
able  space  between  them.  Do  the  suise  with  binder  droplets.  Then  bring 
these  suspensions  together  continuously  to  produce  an  intimate  mixture. 

Nine,  years  and  several  million  dollars  later  Quickmix  has  evolved  into 
a  continuous  process  tliat  is  both  »‘imple  and  sophisticated,  applicable 
for  production  of  pyrotechnics,  hi>:h  explosives  and  coamercial  coirposi- 
tions  as  wall  as  propellants.  It  is  the  only  known  method  which  keeps 
explosive  ingredients  in  noa-propo|iating  form  during  manufacture. 

Several  types  of  vehicles  were  con-  ulered  for  suspending  the  ingreUiente, 
Oases  were  .-ejected  for  several  ren.40us,  relatively  high  hazard  ard 
difficulty  of  accurately  controlling  and  metering  of  flow  being  the 
prire  considerations .  Liquid  corners  have  a  significant  safety 
sdvaot-ege  in  that  diluee  suspsnsions  of  haxardouB  ingredients  will  not 
propagate  a  detonotion.  With  n  liquid  carrier  the  effective  vi.-*cosity 
of  mixing  is  reduced  several  magnitudes  along  viih  similar  reductions 

*Norvh  American  Aviation,  Inc.  Trademark. 
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In  mixin;^^  time,  friction  and  shear  atreases  on  the  materials  being  mixed. 
Because  they  are  incompressible,  liquid  carriers  provide  a  means  of 
•isq>le  and  acciu-ate  flew  control. 

Since  lie  conception,  the  process  has  been  steadily  improved,  each 
inprovement  resulting  in  further  eimplificntion  of  its  operation.  Tcday, 
the  moving  machinery  ir  the  process  consists  only  of  centrifugal  pumps 
axul  continuous  feeders. 

The  basic  Quickmix  process  is  covered  by  U.S.  patent  number  '5,021!,l^i9 
dated  February  20,  1962.  It  wae  initiolly  conceived  and  developed  under 
a  Bocketdyne— funded  program.  Additional  company  funds  were  continually 
expended  on  this  program  and  there  have  been  contracts  from  nil  three 
Department  of  Defense  Services,  Currently,  the  Naviil  Propellant  Plant, 
Indian  Read,  Maryland,  is  completing  the  architect  and  engineering 
design  plmse  for  a  high  energy  propellant  production  plant. 

Rocketdyne  maintains  a  flexible  Quickmix  Research  Plant  for  process 
development  and  foi’  preparation  of  various  materials  in  experimental 
quantities.  The  Research  Plant  can  produce  mixes  in  qiuuitities  ranging 
from  R  few  pounds  to  several  hundred  pounds  at  rates  ranging  from  a  few 
hundred  to  several  thousand  povinds  per  hour. 

One  of  the  features  of  the  Quickmix  process  is  its  ability  to  reac?- 
steudy  state  conditions  in  two  or  Hirer  minutes  and  to  be  eosily  -ibut 
down  and  cleaned  out.  This  feature  maken  it  feasible  to  use  the  same 
equifRient  in  the  research  plant  os  is  used  in  a  production  plant.  The 
research  plant  is  run  only  long  enough  to  oitiiin  tne  experimental 
quantities  desired.  Similarly,  short  runs  in  a  production  plant  con 
be  used  for  development-scale  quantities,  eliminating  most  scale-up 
problems.  Figure  1  is  «  skstch  ef  the  Bocketdyne  Quickmix  Bssearch 
Plant.  It  should  bsip  visuaiies  the  process  desciibed  below. 
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The  basic  Quicksiix  continuous  process  is  quite  flexible,  as  shown  by  its 
ability  to  nanufacture  ^lyrotechnics ,  smoke  compositions,  and  high  expla- 
sires  as  well  as  propellants.  The  flow  diagram  shuwu  in  Figure  2  is  a 
typical  example  of  hov  the  continuous  Quicknix  process  operates.  Since 
most  ordnance  compositions  contain  an  oxidizer,  two  separate  solids 
dispersion  systems  are  shown.  This  allows  the  oxidizer  imd  fuel  com¬ 
ponents  to  be  kept  separate  while  they  are  in  the  dry  powder  stage. 

In  the  first  dispersion  system  there  may  be  one  or  more  feeders  con¬ 
tinuously  metering  fuel-type  solid  ingredients  into  the  disperser  hopper. 
In  disperser  system  number  2,  several  granulations  of  oxidizer  can  each 
separately  be  fed.  The  recycling  liquiu  carrier  is  also  added  continu¬ 
ously  to  the  disperser  hopper  and  the  slurry  formed  enters  a  centrifugal 
pump  whose  output  is  split  so  that  most  is  recirculated  back  to  the  tank 
to  provide  a  very  high  degree  of  agitation.  The  remainder  of  the  pump 
output  goes  downstream  to  a  jet  mixer  where  it  is  joined  by  the  output 
of  the  second  disperser. 

The  binder  ingredients  are  fed  through  positive  displacement  metering 
pumps.  The  jet  mixer  has  no  moving  parts  and  u  scoticnal  view  is  shown 
in  Figure  3*  The  slurries  from  each  disperser  enter  the  mixer  as 
Indicateci  and  awirl  around  at  high  velocities  at  the  center  section. 

The  liquid  ingredients  are  jetted  into  this  highly  turbulent  area  through 
amiili  holes.  Thero  are  no  moving  parts  in  this  mixer  ond  it  is  small 
enough  to  be  easily  held  in  one  hand. 

The  product  slurry  then  travels  to  the  separator,  a  small  tank  where 
the  transition  from  turbulent  to  laminar  flow  permits  the  product  to 
drop  out.  The  product  is  withdrawn  from  the  bottom  of  the  separator 
tank  and  dried  if  necessary.  Normally,  there  is  approximately  one 
percent  carrier  (before  drying)  remaining  in  the  product  at  this  point 
and  a  typical  operation  for  castable  compositions  is  to  vacuum  cast  the 
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uix  directly  into  Ita  final  container.  The  vacuum  caating  operation  is 
essentially  the  same  as  that  used  id  the  final  steps  of  conventional 
solid  propellant  processing.  Total  volatiles  (carrier  plus  other  vola¬ 
tile  materials)  after  vacuum  casting  usually  range  between  0.03  percent 
and  0«3  percent. 

Clear  carrier  overflows  from  the  top  of  the  separator  and  is  recycled 
back  to  the  dispersion  systems.  This  closes  the  cai-rier  loop  and  it  con 
be  seen  that  the  carrier  acts  much  like  a  liquid  belt,  picking  up  solids 
in  the  dispersers,  liquid  ingredients  in  the  mixer,  droppizig  them  off 
in  the  separator  and  then  returning  for  the  next  load. 


Dispersion  Syston 

The  initial  dispersion  concept  inv«>lved  the  use  of  flow  control  valves, 
slurry  flow  meters,  and  closed  loop  controls.  Through  an  analog  computed 
stiuly  it  was  found  that  the  basic  process  is  remarkably  stable  under 
flowing  conditions.  In  fact,  the  stability  of  the  system  is  far  greater 
than  can  be  obtained  under  any  typo  of  closed  loop  metering  and  valving 
srrungsmeri  .  As  a  result  of  this  study  the  control  of  flows  has  been 
greatly  simplified. 


The  solids  dispersion  system  in  Figure  4  shows  the  only  flow  control 
now  used.  This  is  the  control  valve  on  the  recycle  carrier  entering 
the  disperser.  This  valve  is  operated  through  u  liquid  level  sensor 
and  keeps  the  volume  of  slurry  in  < he  disperser  constant. 

The  disperser  hopper  is  designed  to  attenuate  feeder  errors.  Most 
feeders  show  cyclic  variations  occurring  several  times  a  minute  and  the 
hopper  is  siaed  to  reduce  these  variotions  to  a  point  wliere  they  are  not 
measurable  in  the  final  product.  The  dispersers  will  not  attenuate  low 
frequency  feeder  perfoiiannce  cycles,  and,  tinder  certain  conditions,  it 
may  be  desirable  to  monitor  feeders  by  conventional  instrumenUtion  to 
discern  indications  of  long-term  drift  and  correct  the  feeder  output. 
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Krmii  Hafoty  MLnitilpninL)  th«i  iliMpcrMor  pumpM  iin>  ntotliftoil  to  pi'ovitUt 
a  continuous  flush  of  clear  carrier  entering  juei  in  IronL  of  the  seal 
and  floving  along  the  rotating  shaft  tovnrd  tho  impeller  to  insure  that 
no  hasardous  solids  particles  can  enter  this  area.  As  a  further  safety 
feature,  a  double  mechanical  seal  suty  be  used.  This  seal  is  operated 
under  relatively  high  pressure  using  clean  carrier  as  the  seal  flush. 

If  any  leakage  occurs  in  the  seal,  clear  carrier  vill  flov  into  the 
pusqt  rather  than  haxardous  slurries  flowing  toward  the  seal.  Where 
very  hasardous  ingredients  are  involved  a  control  system  can  he  designed 
which  will  ijnediately  start  a  shut-down  sequence  should  the  rotating 
shaft  flush  or  seal  flush  fail. 


Composition  £rrors  lisss  Than  to.l  Percent 

The  analog  coq[niter  analysis  of  the  process,  mentioned  above,  showed  the 
process  dynamic  stability  to  be  extraordinarily  high,  and  the  degree  of 
accuracy  and  precision  of  the  product  was  recognized  as  primarily  a 
function  of  feeder  perforaance.  Wliun  a  requirement  arose  for  cosqposition 
control  within  tQ.l  percent,  Bocketdyue  designed  a  feeder  which  met  these 
requirements,  since  no  cossurcial  lueder  provides  this  degree  of  uniformity. 
The  details  of  this  feeder  ore  des<  ribed  in  the  adjoining 


The  feeder  operates  on  n  tisw-alloi  ution  principle  of  weighing  small 
increments  of  ingredients  and  varying  the  time  for  adding  each  increment 
to  the  process  so  that  the  timo  is  exactly  proportional  to  the  iucroment 
weight.  With  this  feeder  it  is  poi^sible  to  operate  and  control  the 
Quickmix  process  so  that  the  produi  t's  uniformity  will  be  within  a  range 
of  AO.l  percent.  However,  the  feeilcr  is  capable  of  being  used  with  other 
continuous  processes  and  should  find  a  number  of  industrial  applications. 

A  feasibility  study  has  beeo  made  vhicb  showed  that  the  principle  of  the 
Rocketdyne  dry  solid  feeder  could  41  Iso  be  used  to  safely  weight  hasardous 
liquid  or  solid  ingredients  vhile  they  are  ve^.  Per  example,  an  explosive 
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Huoli  nil  JflX  could  bo  deUvorod  wot  wiili  tbo  cnrrior,  luuidlod  and  wi^hott 
in  cnrrior  insttad  of  in  »ir,  groatiy  reducing  tUe  probability  of  an 
accidental  exploaion. 

Quick  Start  and  Stop 

The  proceas  ia  aterted  by  firat  filling  the  ayateai  with  carrier,  then 
dropping  the  carrier  level  slightly  in  the  disperser  hoppers  by  closing 
the  carrier  control  valves.  The  onstreaai  valves  nre  turned  so  that  the 
puMp  outputs  coi^letely  recirculate  to  the  hoppers.  Since  the  hopper 
voluMS  are  known  and  the  operating  concentrations  of  the  slurries  are 
known,  solids  are  fed  into  the  hopper  through  the  feeders  for  a  readily 
calculated  preset  tiae  (usually  about  one  ninute),  then  the  carrier 
control  valves  are  opened  to  bring  the  slurries  up  the  the  operating 
levels.  Alaost  iaaedintely  the  on-streaa  vulves  nre  opened  and  the 
liquid  binder  cosqionenis  feed  systems  nre  started.  Steady  state  oper¬ 
ating  conditions  are  achieved  shortly  after  the  clear  carrier  in  the 
lines  froa  the  on-streoa  valves  to  the  separator  has  been  replaced  with 
alurry. 

Slmt  down  and  cleanout  can  be  nccoaplished  eiaply  by  shutting  off  the 
feeders  and  shifting  the  aixer  output  froa  the  oo-streaa  separator  to 
the  reject  separator.  Cleanout  cun  be  speeded  up  by  closing  the  carrier 
control  valves  until  the  disperser  hoppers  are  uenrly  empty,  then  filling 
and  oaptying  each  Itopper  several  times.  About  five  sucb  cycles  results 
in  n  quite  clean  plant.  Product  has  to  be  cleaned  only  froa  the  boitoa 
of  the  separators  and  froa  any  drying  equipsMnt,  such  ss  that  used  for 
vacutsB  casting.  A  flush  with  wans  water  and  a  detergent  frequently  is 
a  quick  and  safe  way  to  perfora  thie  cleaning  operation. 
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Carrior-Proihiot  Ku]|iurutiu]i 


In  an  upuratin4(  plant,  two  aoparatui-H  nomnlly  nro  unod.  The  firut  Ih 
for  the  rejact  muieriai  frost  the  imtlnl  minutOH  of  oporntion.  Later  it 
is  used  during  cleanout.  Flov  la  rodireotad  from  this  reject  Hopnrator 
to  the  on-stream  separator  approxisuttely  tvo  minutes  after  startup. 

Recycle  of  the  carrier  occurs  automatically  without  any  controls.  Tlie 
surge  tank  shown  in  Figitre  2  is  sized  to  hold  approximately  twice  the 
amount  of  carrier  necessary  to  fill  the  empty  system.  Once  the  system 
is  filled  and  the  carrier  is  recycling,  the  overflow  from  the  separator 
is  essentially  equal  to  the  carrier  flowing  into  the  dispersers.  When 
product  is  being  made,  the  surge  tank  makes  up  for  the  carrier  lost  with 
the  product.  In  a  500  pound  per  hour  plant,  at  a  loss  rate  of  1  percent, 
this  amounts  to  only  5  pounds  per  lioui'. 


Production  Kate 

Production  rate  range  in  any  given  Qtiickmix  plant  is  limited  prinuirily 
by  the  range  of  feeder  outputs.  Line  sizes  are  relatively  aoinll  for  a 
production  plant.  For  example,  for  o  nomiiuil  500  pound  per  hour  plant, 
one— quarter  inch  to  one— half  inch  00  tubing  is  used.  For  a  5,000  pound 
per  hour  plant,  tubing  sisee  will  range  from  three— quarters  of  an  inch 
to  one  and  one-half  inches.  For  a  50,000  pound  or.  hour  plant,  tvo  or 
three  inch  diameter  tubing  would  b*'  used.  The  snme  size  puape  probably 
could  be  used  for  a  500  pound  p<!r  iiour  or  5,000  pound  per  hour  plant, 
although  a  larger  size  would  be  nei  cssury  for  u  50,000  pouna  per  hour 


Safety 


Not  only  are  eoall  amounts  of  material  in  process  at  any  time,  but  the 
dilate  slurries  used  have  been  shown  to  be  relatively  safe  to  handle. 

To  test  for  propagation  of  detoztation  by  slurries  of  explosives  in 
carriers,  a  rotating  tube  test,  Figure  3i  vns  used.  Here  a  tvo  inch 
diameter  tube,  eighteen  inches  in  l<'ngth,  wns  rotitted  to  maintain  the 
solids  under  test  in  suspension.  A  "Composition  C"  high  explosive 
charge,  shaped  as  a  cone,  was  detonated  while  the  ingredients  were 
suspended.  A  witness  plats  attached  to  the  far  end  of  the  tube  was  used 
to  dotenaine  whether  the  detonation  propagated  tlirough  the  slurr>'. 

Typical  results,  Table  I,  shoved  thjit  under  conditions  of  the  test 
20  percent  and  even  30  percent  sluriies  would  not  propagate  a  dctunntiou. 
Similar  results  wei'c  obtained  with  20  percent  slurries  of  mixed  ingredi¬ 
ents  in  the  proportion  used  in  sevei-al  propellant  compositions.  One 
exception  to  the  data  shown  was  n  lot  of  ball  powder  which  appeared  to 
be  very  sensitive.  Even  this  would  not  proptigute  n  detonation  under 
proper  conditions  of  dilution  and  tube  size.  The  PNC,  IIMX  and  bull 
powder  also  did  not  propagate  a  detoimtiou  as  slurries  in  rotating 
containers  simulating  the  size  and  sliapc  of  the  disperser  hoppers. 

Additional  tests  were  made  to  simulate  what  might  occur  should  power 
fail.  A  tank  similar  in  size  to  a  disperser  tank  was  filled  with  slurrj' 
and  allowed  to  settle.  The  same  tyjtes  of  ingredients  used  in  the  rotat¬ 
ing  tubs  tests  were  used.  When  an  igniter  placed  in  the  bottom  of  the 
tsuk,  under  the  eeitled  ingredients,  was  set  off,  there  was  no  iniJicUk,ioa 
of  transition  I'i'om  burning  to  d<'tonation,  even  wlien  the  ingredients 

were  high  explosives  such  as  IfOC.  As  expected,  liowever,  it  was  found 
ilwt  settled  slurries  of  explosive  ingredients  could  be  detonated  if 
initiated  by  a  detonating  charge  ouch  as  tliat  used  on  the  tvo  inch 
diameter  tubes.  Overall,  this  is  a  significant  isqjrovement  in  safety 
when  crupsired  to  the  hazards  involved  in  conventional  mixing. 
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SLUBBY  DETONATION  PROPAGATION 


2  Inch  Disaster  Botatin^  Stainleas  Steel  Tubing 


Nv  bcr 


Ingredient 

Wtr-jJ 

of  .date 

Beaulte 

me 

20 

6 

Non-Propagating 

aO,  25  Xicron 

20 

6 

Non-Propagating 

aa,  25  Hicron 

30 

1 

Non-Propaga  t ing 

aa,  10  Hicron 

30 

1 

N ou-Propagft - i  ng 

aOl,  60  Hicron 

30 

1 

Non-Propaga  ting 

aa,  200  Hicron 

30 

1 

Non-Propaga  1 1  rig 

Fluid  Ball  Casting 

Powder  •■A" 

20 

6 

Non-Propagating 

NH^CIO,^ 

20 

5 

Non-Propagating 

A  point.  £ri)(iuHiiLl V  nilHod  roKardin^^  Lho  HiifeLy  oi  Llio  Qiuciaul.v  pi'ocoHH 
relates  to  the  poBsibility  of  ignition  of  the  o.ari-ier  itself.  Heptane 
ie  a  typical  •'arrier.  What  is  not  usually  realiaed  is  that  its  flash 
point  is  approxunately  73  1’  higher  than  the  usual  run  of  gasoline.  The 
probability  of  accidental  vapor  ignition  using  heptane  in  the  Quickmix 
process  is  less  than  the  probability  of  an  accidental  fire  while  your 
cur  tank  is  being  filled  at  the  corner  gasoline  station.  However, 
sensible  px'ecautions  are  taken  in  the  design  and  operation  of  a  Quickmix 
plant.  Currier  vapor  is  relatively  dense  and  if  any  leaks  it  will  flow 
toward  the  floor.  Good  ventilation  of  the  floor  urea  is  used  ami 
inexpensive  vapor  detectors  can  be  obtained  to  detect  traces  of  \-npor. 
The  plant  itself  is  doBigned  to  be  as  leak  tight  as  possible  and  the 
few  carrier  surfaces  involved  are  blunlceted  with  inert  gas.  All  equip¬ 
ment  is  connected  to  u  consnon  ground.  Specially  designed  safety  coup¬ 
lings  are  used  for  tubxng  which  pemit  inspection  for  lealta  at  a  glance. 
Inspection  can  readily  be  made  while  carriers  are  being  circulated 
through  the  plant  ind  before  any  hiizardous  materials  are  fed  into  the 
system. 

The  plant  is  so  designed  that  it  can  be  completely  automated.  For 
processing  of  highly  Imzurdoua  ingredients,  a  control  system  can  be 
designed  which  will  sense  the  important  operating  parameters  of  the 
process,  automatical ly  stop  the  plant  if  any  potentially  hazardous 
condition  develops,  or  shift  the  product  to  the  reject  separator  if 
out-of-specification  conditions  occxir.  Should  there  be  a  power  faihire, 
the  plant  could  be  automatically  emptied  of  its  contents  by  a  flush  of 
water  from  a  pressurized  tank. 

Economics 

As  the  Quiclnix  process  developed,  it  became  apparent  that  it  had  many 
economica}  attributes.  Its  features  economically  affected  a  large 
serpnent  of  the  manufacturing  procedure.  For  example,  incoming  lots  of 
ingredients  could  bo  larger  unci  could  be  shipped  and  received  in  large 


liiitk  ,  itiu’lmpn  tip  i.it  'iOOU  utMiiiilN,  which  would  peorvo  aw  itiixi  I  llttry 

faddnr  hopparn.  Tliia  Aviiida  mualt  of  (.h<>  intuimliiK  cumCm  raiutiiMC  Lo  l.ii'atltig, 
iinndlin^  ami  voii[hiiiK.  Pre-hlontlintt,  with  ita  aupurnta  wolghinga  and 
extra  handling ,  con  be  vlininated.  Ifithin-plant  trauaport  of  weighted, 
blended,  or  mixed  ingredienta  and  return  of  their  containers  is  eliminated. 
Mixer  operation  is  eliminated,  reject  rates  should  be  reduced  and  the 
nomber  of  quality  control  tests  would  be  expected  to  be  reduced  signifi¬ 
cantly. 

Control  of  the  Quicksiix  process  comes  before  the  feet  rather  than  after, 
as  is  usxially  the  case.  With  Quickniix  a  continuous  record  of  ingredient 
input  and  recycle  carrier  flowrates  gives  complete  infoimation  as  to 
what  the  product  composition  will  be  a  minute  or  two  Inter.  Any  "out 
of  specification"  product  can  be  discerned  befaroliand  and  either  sent  to 
the  reject  separator  until  the  error  is  corrected,  or  the  plant  can  be 
stopped  at  the  discretion  of  the  operator. 

Aside  from  the  materials  and  product  luindling  crew,  u  Quickmix  plant 
can  be  designed  for  opei'ation  by  one  man  (although  a  stand-by  assistant 
is  considered  to  be  good  policy)  whether  its  output  rate  is  100  pounds 
an  hour  or  100,000  pounds  an  houi'.  Small  additional  costs  are  incurred 
with  Quickmix  in  tiuit  u  small  omotinl.  of  carrier  is  usually  lost  during 
operation  and  a  snuill  anioiuit  of  an  inert  gas  is  required  to  bloniiet 
currier  surfaces. 

In  the  munufttctuj'e  of  many  ordnance  items,  the  clmrge  is  finally  shaped 
by  «  pressing  operntion.  Some  work  has  been  completed  which  indicates 
tJuit  non-flowing  mixes  can  be  cast  into  place  by  leaving  some  currier 
in  the  product  until  casting  is  aceumplished.  Ilelutivcly  high  density 
castings  can  be  achieved  by  applying  vibration  before  removing  the 
carrier.  Elimination  of  the  pressing  operation  would  effect  a  consider¬ 
able  cost  saving. 
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A  maubor  of  economic  HtudieB  have  boon  mndc  Bhoving  tlmt  overall  aaviiigd 
related  to  Quickmix  will  ranxe  from  nppruximately  13  oente  a  pound  to 
about  $1.00  par  pound  depending  on  ilia  applioublon. 

The  equipmunt  cent  for  u  uuuiuully  uperntod  plant  aui tabic  for  producing 
pyrotechniofl  or  conventional  oonpoeibo  propellunta  with  u  product  uiii- 
formity  of  tO.j  percent  would  probably  nui  botween  $100,000  and  $200,000. 
Where  u  higher  dogree  of  coffipoaitlon  control,  or  wliere  hazardous 
ingredients  are  being  handled,  cuatH  would  increoao  in  proportion  to 
the  increased  uniformity  required  and  the  degree  of  automation  and 
remoteness  needed  for  safety. 

Carrier-Ingredieift  Relationships 

¥ 

Ideally  the  currier  and  all  ingredients  in  the  mixture  should  be  mutually 
insoluble.  However,  inis  generally  is  not  the  case  and  when  the  Quickmix 
process  was  first  conceived  this  was  considered  to  be  a  potential  major 
problem.  Tlirough  experience  with  u  wide  number  of  different  types  of 
ingredients,  it  has  been  found  tliat  solubility  problems  usually  can  be 
overcome.  The  solubility  of  concern  is  the  solubility  under  the  steady- 
state  conditions  of  the  process.  For  example,  a  cross-linking  agent 
whijh  was  quite  soluble  in  the  cun icr  was  fuwid  to  dissolve  only  to  the 
extent  of  0.2  percent  during  the  ojterution  of  the  process.  If  more  than 
0.2  percent  were  initially  dissolved  in  the  carrier,  the  value  would 
eventually  work  down  to  0.2  perceni  under  the  conditions  of  operation, 
more  agent  appearing  in  the  product  tliun  was  being  fed.  Another  example 
is  the  use  of  a  polyester-styrene  binder.  While  styrene  is  extremely 
soluble  in  heptane,  under  the  ateudv-stato  conditions  of  the  process 
approximately  5  percent  styrene  added  to  the  hoptnne  minimized 
further  extraction  of  styrene  from  ilie  polyester-styrene  mixture.  In 
general,  by  proper  adjustment  of  the  qiuintity  of  soluble  ingredient 
dissolved  in  the  carrier,  most  solubility  problems  can  be  overcome, 
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Beaioval  of  the  final  truces  of  carrier  from  the  product  is  a  function  of 
carrier  solubility  in  the  product.  The  worst  condition  encountered  in  | 

our  processing  experience  has  been  with  a  binder  material  that  dissolved  j 

ho  percent  carrier.  In  this  case  the  product  hiid  to  be  vaoutsa  east  I 

1 

twice  to  reduce  the  total  volatiles  below  0.3  percent.  j 

1 

Suamary 

There  appears  to  be  no  known  mixing  method  as  safe  as  Quickmix  for  the 
processing  of  liazardous  mixtiures.  It  has  realistic  economics  and  can 
provide  a  high  degree  of  uniformity  and  product  control,  even  to  the 
point  where  coiqiosition  is  controlled  with  more  accuracy  and  precision 
than  would  be  expected  from  usual  cliemical  analyses.  The  simplicity  of 
the  process  permits  direct  and  rein  Lively  inexpensive  control  by 
open-loop  monitoring. 

Its  iiigh  production  rate  capabilities  with  snuill  equipment  and  its 
ability  to  quickly  start  and  stop  suike  it  feasible  to  build  a  mobile 
plant.  With  sucli  a  plant  it  would  be  ccunomicu]  to  load  large  solid 
rocket  boosters  at  the  launch  site  at  rates  of  the  order  of  100,000 
pounds  an  hoiur,  moving  the  plant  oway  from  the  site  as  soon  as  the 
booster  was  loaded. 

High  viscosity,  high  shear  mixing  methods  may  eventually  y  -ild  to  this 
safe,  economical  and  simple  system. 
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A  NBV  COMPUTERIZED  CONTINUOUS  FEEDER 
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A  m  coHPumrAKi)  cowmiows  kb^iisb* 


ABSTRACT 

This  paper  describes  a  nev  aaterials  feeder  that  operates  on  a  "tiae^ 
allocation"  basis.  To  provide  the  desired  weight  flowrate,  an  increisent 
of  material  is  weighed  electronically,  then  a  conputer  determines  the 
waiting  period  before  the  material  is  delivered.  The  ratio  of  weight 
to  tine  is  maintained  constant,  and  is  the  feedrate  set  into  the  conputer. 
New  electronic  techniques  provide  greater  precision  and  accuracy  than 
previously  obtainable;  accuracy  ia  better  than  iO.l  percent. 

The  advantages  gained  in  the  areas  of  economy,  safety,  accuracy,  and 
flexibility  are  pointed  out.  Siwculations  are  made  regarding  its  use 
in  areas  where  weigh-feeding  has  heretofore  been  considered  impossible. 
Accuracies  realized  in  actual  use  as  part  of  the  Quickmix  process  are 
given,  along  with  a  brief  discussion  of  the  electronic  computer  and  weigh 
transducer. 


tine-allocation  FSINCIPI£ 

Tile  following  is  a  description  of  the  tiow-al location  principle  for 
establishing  a  net  average  mass  flowrate  of  a  material. 

An  arbitrary  starting  point  in  lime  is  established.  An  approximate 
quantity  of  a  material  is  placed  in  a  small  container  and  weighed  elec- 
tr'-  lically.  An  electronic  computer  then  determines  the  length  of  a 
waiting  period  as  measured  from  the  arbitrary  starting  point  in  time 
before  the  material  is  delivered  as  output,  or  "dumped"  from  the  container 
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(Fix.  I  ami  2).  Aocordiiixly •  tiim*  alloitail  for  oarli  ilalivory  of  nntorial 
i»  mado  direotly  proportional  to  Uio  waigbi  of  naterial  delivered  during 
that  time.  The  ratio  of  the  weight  of  aaterial  to  the  tiae  allotted  ia 
thus  held  constant  and  is  the  feedrate.  A  typical  waiting  {leriod  is 
approxisMtely  10  to  12  seconds  for  each  quantity  of  nominal  size  to  be 
delivered;  thus,  2  pounds  of  material  delivered  each  12  seconds  corresponds 
to  a  feedrate  of  600  pounds  per  hour.  For  the  smallest  individual  quan¬ 
tities  of  naterial,  the  tisw  increment  might  be  as  short  as  6  seconds,  and 
as  long  as  18  seconds  corresponding  to  the  largest  quantity  of  material. 

The  feedrate  can  be  easily  changed  of  course  by  changing  the  programming 
of  the  computer.  A  feeder  based  on  this  principle  is  shown  in  Fig.  3  and 
4.  This  machine  will  be  described  in  detail  later. 

The  above  principle  is  in  contrast  to  previous  material  feeder  schemea 
which  utilize  an  expressed  or  im|ilied  constant  time  interval  during  which 
a  preciae  quantity  of  material  must  be  delivered.  Since  the  time  interval 
is  constant,  the  quantity  handled  each  time  must  be  precisely  the  sasM. 
This  is  not  the  case  for  the  tim-allocation  type  feeder.  At  first,  this 
simple  difference  may  seem  rathei'  trivial,  but  upon  close  examination,  a 
number  of  advantages  become  obvious. 


ADVANTA(i£S 

Consider  the  simple  sequence  of  operations  illustrated  in  Fig,  5®.  A 
lumpy  material  is  ground  into  a  powder  in  a  mill  and  fed  to  a  conventional 
weigh  feeder.  Assume  high  accuracy  ia  required,  so  that  the  material  must 
be  ground  into  a  fine  powder,  otherwise  the  conventional  feeder  will  not 
operate  projierly.  Subsequently,  the  material  is  fed  to  a  reaction  tank 
or  some  such  portion  of  a  proces-i  where  it  might  be  brought  into  a 
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Time-Allocation  Principle  for  Material  Feeding 


t  ■ 


fttPCt  aw  nt  amtm 


•oLutlon.  With  a  time-allocation  feeder,  the  gruiding  operation  mi^ht 
be  entirely  eliminated  in  that  tl'«*  reaction  tnuU  might  juat  aa  eaally 
accept  the  lumpy  material  as  the  finely  ground  material.  This  is 
illuatreted  in  Fig.  5h.  An  obvioua  economic  gain  may  be  poaaible  by 
eliminating  the  need  for  the  mill. 

An  extension  of  this  ia  to  consider  the  case  where  the  material  to  be 
fed  is  of  such  a  character  that  it  ic  usually  not  even  considered  for 
possible  weigh  feeding.  Viscous  and  sticky  materials  are  in  such  a 
category.  Bread  dough  or  chunks  of  roofing  tar  might  be  good  examples. 
Highly  dusty  materials  can  be  "limped"  and  then  fed  by  a  time-allocation 
type  feeder.  This  lumping  does  i  ot  need  to  be  carefully  done  as  would 
be  required  for  a  conventional  fieder,  but  would  permit  use  of  fairly 
large  chunks  of  a  fairly  wide  rai  ge  of  sizes. 

Only  a  brief  study  has  been  made  of  the  possible  areas  where  full  advantage 
can  be  made  of  the  unique  characiori sties  of  the  time-allocation  feeder. 
Further  study  in  this  area  might  lie  profitable. 

The  present  feeder  was  actually  i  uilt  for  the  feeding  of  explosives.  A 
highly  shock-sensitive  material  i  liich  could  not  be  ground  up  had  to  be 
fed  into  a  process  (Quickmix)  at  a  very  precise  rate.  Thus,  chunks  of 
material  had  to  be  fed  at  an  aveiage  rate  to  an  accuracy  of  better  than 
l/lO  of  1  percent. 

The  attributes  mentioned  above  become  overwhelmingly  favorable  when 
combined  with  the  requirement  for  very  high  accuracy,  i.e.,  between  0.01 
and  0,1  percent.  The  basic  reas« n  for  the  high  feedrate  accuracies 
attainable  is  the  fact  that  the  n.aterial  is  weighed  under  "quiet" 
conditions,  i.e.,  no  material  is  being  added  to,  or  substracted  from,  the 


352 


container  during  the  time  a  particular  saaple  is  being  weighed.  No 
■echaniaiaa  or  material  need  be  in  notion  during  the  short  interval  \d)en 
the  actual  weight  determination  lakes  place.  The  feeder  actually  weighs 
the  container  just  before  and  just  after  the  material  is  dumped  into  the 
weighing  container.  The  difference  in  the  container  weight  is  thus  taken 
as  the  weight  of  the  material  delivered  during  that  interval.  This 
automatically  eliminates  many  sources  of  error  inherent  in  conventional, 
continuous-weigh  feeders. 

Since  no  mechanical  weigh-arms,  knife-edges,  or  servoloops  are  employed, 
design  eonsideratic'is  of  the  mechanical  portion  of  the  feeder  can  be 
focused  upon  idealizing  the  material-handling  aspects.  For  instance, 
when  sensitive  high  explosives  must  bs  accurately  fed  into  a  process, 
safety  rather  than  accuracy  considerations  can  dictate  the  design. 

Gentle  handling  of  portions  of  arbitrary  size  con  be  made  the  prime 
consideration  with  only  minimum  restrictions  being  placed  upon  the  design 
by  the  mechanism  essential  to  the  feedr{.*s  measuring  function. 

APPLICATION  OF  MEW  reiNCIPLE 

A  feeder  developed  by  Rocketdyne  is  composed  of  three  sections: 

(l)  mechanical  or  material  handling,  (2)  electronic  or  computer-controller, 
and  (IJ)  the  weigh  transducer  which  connects  the  electronic  section  with 
the  mechanical  by  converting  weight  into  an  electronic  signal. 

WCHANTCAJ.  or.  MArh2:iAl-«AWiT-n  i 

The  mechanical  section  of  the  feeder  (Pig.  6)  evolved  from  the  basic 
requirements  of  safety,  accuracy,  precision,  reliability,  and  versa¬ 
tility  and,  aa  a  result,  is  designed  to  handle  dry  solids  gently  so  that 
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it  can  be  used  for  feedinj;  explosive  materials  which  are  sensitive 
to  friction  or  impact.  The  design  concept  of  the  operation  of  the 
mechanical  section  is  described  in  the  following  paragraph. 

Dry  solids  are  supplied  to  the  feed  hopper  and  an  increment  of  dry  solids 
flows  through  the  feed  valve,  each  time  it  is  opeiu^d,  and  then  into  the 
weigh  valve.  The  increment  is  weighed  by  the  weigh  transducer,  w  ..  the 
,  resulting  signal  is  fed  into  the  computer-controller,  which  computes 
the  correct  opening  time  of  the  weigh  valve.  At  the  time  determinc^o 
by  the  computer-controller,  a  signal  is  sent  to  a  solenoid  valve  which 
actuates  and  causes  the  weigh  valve  to  open.  The  increment  of  dry 
solids  then  flows  into  the  distribution  hopper  and  from  there  into  the 
procesa.  The  cycle  is  then  repeated  and  results  in  a  precise  weight- 
per-unit-tiue  feedrate  . 


Materiala  Handling 

The  size  and  shape  of  the  feed  hopper  are  based  on  flowability  tests  per¬ 
formed  on  the  materials  or  like  materials  currently  anticipeted  for  feeding. 
A  conzroHtble  vibrator  is  mounted  on  the  outside  of  the  feed  liopper  and 
actuated  by  a  solenoid  valve  controlled  by  the  comput.er-controller .  The 
computer-controller  controls  tuc  time  of  vibration  as  to  length  and  rela¬ 
tionship  in  the  feed  or  fill  time.  This  is  a  preset  value  dependent  upon 
the  material  being  fed.  Past  expei  imentation  has  established  vibration 
as  a  critical  parameter  (duration,  frequency,  and  amplitude)  in  the  feeding 
of  certain  dry  solids.  Special  vibration  mounts  are  used  to  isolate  the 
feed  hopper  vibrations  from  the  weigh  valve  system  and  to  make  more 
effective  use  of  the  vibrator. 
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Th^  lop  covor  of  th«  ri>«rt  hoppor  hOH  pruviiitoti  for  a  bulk  dry  ttolida 
•upply  inlflt,  al/.#d  to  fit  a  cnnmiTiral  vibratiim  Kcroou.  In  addition, 
inlata  aro  provided  for:  water  deluge,  carbon  dioxide  for  fire  extin- 
guiahing,  nitrogen  for  preaaurizlng  or  blanketing,  and  a  level  probe  for 
indication  and  control  to  the  bulk  dry  aolida  supply. 


Peed  Valve 


Safety,  through  gentle  handling  of  friction  and  impact- sensitive  dry 
solids,  was  the  primary  design  consideration  in  the  development  of  a 
feed  valve.  A  "pinch"  or  "squeeze"  valve  design  was  evolved  which 
proved  to  be  gentle  acting,  reliable,  simple,  and  easily  maintained. 

As  shown  in  Fig.  7,  the  feed  valve  is  basically  a  flexible  tube,  housed 
in  a  metal  cylinder  in  such  a  way  that  xdien  pneumatic  or  hydraulic  pres¬ 
sure  is  applied,  the  flexible  tube  closes  and  when  the  pressure  is 
released,  the  tube  is  opened.  The  pressure  is  applied  through  the  use 
of  a  solenoid  valve  actuated  by  a  signal  from  the  computer-coqtruller. 
The  signal  from  the  computer-controller  controls  the  open  time  of  the 
feed  valve  and  is  a  factor  in  controlling  nominal  increment  size  which 
must  be  coneister.t  witliin  the  range  of  the  computer-controller  for  pre¬ 
cise  feeding.  An  early  prototype  valve  with  a  neoprene  rubber  liner  was 
tested  to  0*1,000  cycles  without  sign  of  failure.  There  were  indications 
of  some  slight  permanent  set,  but  after  a  certain  point  was  reached  this 
did  not  increase. 

A  second  valve  in  series  with  the  main  feed  valve  is  used  as  a  safety  or 
alternate  feed  valve.  It  is  actuated  only  in  case  of  failure  of  the 
main  feed  valve  aystem. 
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Weigh  Valve 


The  weigh  valve  design  is  similar  to  the  feed  valve  except  that  it  must 
be  lightweight,  or  increment  weight  accuracy  will  suffer.  While  the 
signal  to  operate  the  feed  valve  will  remain  constant,  as  to  duration 
and  position  in  the  cycle,  the  signal  to  operate  the  weigh  valve  is 
dependent  upon  the  weight  of  the  Increment  in  the  valve  at  the  time. 

The  weigh  valve  opening  signal  in  in  exact  time  proportion  to  the 
increment  weight. 


Weigh  Transducer 

The  weigh  transducer  is  the  connecting  link  between  the  computer-controller 
and  the  material-handling  aection.  It  is,  in  effect,  the  heart  of  the 
feeder,  Ita  precision,  accuracy,  and  reliability  are  major  factors  in 
the  precision  and  reliability  of  the  total  dry  solids  feeder.  Each  in¬ 
crement  weight  is  translated  into  a  precise  signal  by  the  transducer  and 
sent  to  the  computer-controller.  The  computer-controller,  in  turn,  sends 
a  signal  to  the  weigh  valve  which  releases  the  increment  in  an  exact  time 
so  that  a  precise  feedrate  is  muintamed.  This  signal  from  the  transducer 
can  be  recorded  or  indicated  in  the  control  room  of  a  process  plant. 

To  have  a  higher  output  signal  aitd  a  more  acceptable  signal-to-noise 
ratio,  the  transducer  design  ia/tiased  on  the  latest  semiconductor-strain 
gage  technology.  Data  on  lineArity  and  temperature  effects  are  illustrated 
in  Kig.  8  and  9.  This  transducer  is  designed  for  a  nominal  2-pound 
increment  size.  Th^  millivolt  ontpu-:  vz  tcTsperature  curve  (Fig.  9)  shows 
that  a  precision  of  tO.O^  percent  may  be  obtained  over  the  compensated 
temperature  range  of  70  to  90  F,  A  special  aeporat*  H-beam  stand  supports 
the  weigh  transducer  and  housing  so  that  it  will  not  be  subjected  to  the 
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Figure  8,  Transducer  Millivolt  Output  vs  Applied  Weight 


P«rc«nt  I>iTiBtion  of  Millivolt  Output  vb  Temperature 
Weight  TraoBducer 


vltratiotid  of  Ihf*  lajj  i  oiin  .  Vilsratjun  jf  i  h»* 

i.r»nKtiuc»r  would  ctutr  no!*#  to  *pp#»r  on  th#  woij^h  mgiiol, 

Pi iitrlbution  Hopper  and  Control  Valv# 

The  distribution  hoppi*r  it  d08AgiJ«*d  t’>  parli«liy  susitoth  ou<  tho  flow  of 
ingredient  from  the  feeder.  The  control  valve  regulates  the  output  of 
the  hopper  so  that  the  entire  increment  flows  out  juet  before  me  nest 
increment  ii  dumped. 

The  diatribution  hopper  it  duatproof,  hat  a  vibrator  mounted  on  it,  has 
V-band-type  connectiona  where  feasible,  le  mounted  on  vibration  aounte, 
fa  easily  disassembled  for  cleaning,  has  a  size  and  shape  compatible  with 
materials  expect<«d  to  be  used,  and  >s  provided  with  a  capac'tance  probe 
to  indicate  the  level  of  the  material.  The  control  v.alve  is  used  only  as 
a  flow  restriction  and  not  at  an  on-off  valve  ex'-ept  in  an  emergency, 

EliCCTSLUNIC  COMPUTER-CONTROLliai 

An  increment  of  nominal  weight  is  measured  out  by  volusie,  accurttely  veigned, 
and  an  analog  voltage  proportional  to  this  weight  is  generated  (Fig,  10). 

This  voltage  is  then  compared  viili  e  second  analog  voltage  whicn  is  a  linear 
function  of  time  and,  at  the  instant  of  coincidence,  a  ”weighed-oui''  signal 
is  generated  which  subsequently  causes  the  increment  of  material  to  be 
dumped.  The  incremental  dumps  are  .smoothed  by  the  distribution  section 
of  the  lower  hoppei  and  allowed  to  flow  from  the  feeder  at  a  nearly  ccns{.aiit 
rate  into  the  process  which  follows  the  feeder. 
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The  coaparator  output  signal  generates  the  start  of  each  cycle  cf  oeasrure- 
aest;  this  signal  is  sent  to  a  double,  solid-state  thyratron  circuit 
(Fig.  11)  which,  via  relays,  disablee  the  coaparator  (switch  S^),  resets 
the  roap  voltage  (by  noaentary  activation  of  switch  S^)  to  rs.ro,  and  starts 
the  clock  of  the  sequence  tiaer  circuit,  all  within  a  few  nilliseconds . 

The  raap  voltage  is  increasing  at  its  set  rate,  and  a  new  aeasuring  period 
ia  in  effect;  The  sequence  tiaer  imediately  operates  the  feeder  duap 
valve  and  ^elivere  the  previously  weighed  ingredient  iacrement.  Upon 
conpletion  of  the  dump,  the  weigh  signal  input  to  the  cosiparator  is 
re-zeroed  by  raooontary  activation  of  switch  of  the  zero  iseuory  circuit. 
This  re-seroing  readjusts  the  ccsiputer  zero  to  account  for  any  change  in 
the  tare  weight  due  to  ingredient  hang-up  in  the  weigh  bucket  by  subtracting 
a  voltage  proportional  to  this  zero  sbift  froa  the  input  voltage  of 
anpUfier  No.  2,  The  fill  valve  ’s  ■'  *a  operated,  and  a  new  increment  is 
delivered  to  the  weigh  bucket,  Lince  &  weigh  signal  is  now  available  to 
the  comparator,  the  seqr.eoce  tiswr  enables  the  comparator  and  resets  itself. 
It  then  waits  for  the  ne  ;t  c^mand  from  th,'  comparator  to  end  this  cycle 
and  begin  the  next.  Two  additional  signals  are  available  for  timing  the 
vibrators  inataliod  on  the  upper  snd  lower  hoppers  of  the  feeder. 

The  sequence  tie  r  circuit  incorporates  a  solid-state  program  timer  which 
puts  out  four"d:>.git  iiaa  $>i  a  decaded  sequence.  On  the  sequence  timer 
panel,  the  Rppropriato  opevation  time  for  each  timed  function  of  the  system 
is  selected  through  patch  cords  and  applied  to  solid-state  AND  gates  which 
operate  high-re liability  relays  via  solid-state  relay  drivers.  This  system 
hat  extremely  high  versatility  for  controlling  the  feeder  and  computer 
functions;  it  is  also  capable  of  eiisy  circuit  addition  for  controlling 
additional  functions  if  necessary.  Allowance  has  been  made  in  the  current 
design  for  two  additional  functions,  as  required. 
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Figure  11.  Corputer- "oatroner  Sinplified  Block  Digram 


Thi»  cyat^m  cyfil#  ia  itniad  brlow  and  shown  io  Fig,  10.  Th« 

•dvani  of  the  aignal  fro«  tha  ronparator  {iim  «  zero)  ceusoa  tb«  foll<M» 
iitg  erenta  to  take  place; 

1.  The  raap^ generator  voltage  ie  brought  down  to  aero 
and  a  new  raoip  etarte  ienediately. 

The  sequence  tiaer  ia  started. 

The  duBip  valve  is  operated  to  release  the  previously 
weighed  increaent  of  tsaierial. 

The  coaparator  circuit  is  disabled. 

2.  The  coaputer  is  re>serord  to  correct  for  my  change  in  tare 
weight, 

3.  The  fill  valve  ia  operated  to  supply  a  new  .iucreeent  of 
aaterial  to  be  weighed. 

4.  The  coaparator  is  enabled. 

The  sequence  tiaer  ia  reset  to  zero, 

3.  A  weigh  period  ensues  and  continues  until  the  raap  signal 
equals  the  weigh  signal. 

6.  The  coaparator  output  signal  causes  the  systea  to  recycle. 


R-KSULTS 


vore  d«vi»f>d  to  evaluate  tbo  capability  oT  various  portions  of  the 
feeder.  The  electronic  coMputer  alone  is  capable  of  0.01-percent  accuracy. 
The  portion  giving  the  greetoat  error  is  probably  the  weigh  transducer 
which  is  slightly  tearperature  senHitive.  Data  shown  in  Fig.  12  and  13 
represent  results  obtained  by  weighing  each  individual  dunp  of  aaterial 
and  similtaoeously  recording  the  tine  assigned  by  the  coaputer  to  each 
corresponding  iiicroaent  of  aaterial.  Each  weight  was  then  divided  by 
each  tiae  interval  to  arrive  at  a  feedrate.  The  aaaples  were  also 
collected  in  25  eaaple  groups  and  the  corresponding  tiae  allotted  for 
these  25  ssaples  was  aeaaured. 

The  precision  is  shown  to  be  tO.06  percent  for  the  series  representing 
25  integral  duaps. 

Upon  close  investigation  of  the  effects  of  ieaperature  upon  various 
portions  of  the  feeder  and  upon  the  liaitntions  of  the  auxiliary  weighing 
SM^ihoda  uaed  to  check  the  sample  weight,  it  was  decided  that  a  aoainal 
to. I  percent  accuracy  waa  probably  a  conservative  figure  for  the  accuracy 
capability. 
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Figure  12.  l'reci«ioa  Tc«t  for  Individual  and  Integrated  Uump.s 


Group 

Nuaber 

Saaple 

Nuaber 

.  1  ,1  — —  — «. 

liidivldufll  Duape 

mmmmmmmmmam 

Tfltnl 

Net 

Weight 

(pounds) 

T<jfciii 

Cycle 

Tiae 

(seconds) 

Feedrate 

(Ib/hr) 

Net 

Weight 

(pounds) 

Cycle 

Time 

(seconds) 

Peedrste 

(ib/hr) 

7 

180 

2.1369 

12.7441 

603.639 

190 

2.1806 

12.9959 

604.049 

195 

2.1824 

13.0234 

603.271 

200 

2.1559 

12.8441 

604.265 

205 

2.1731 

12.9511 

604. 054 

64.63i 

385.2900 

603.878 

8 

210 

2.1317 

12.7048 

604.033 

220 

2.1544 

12.8475 

605.685 

225 

2.1603 

12.8790 

603.857 

230 

2.1713 

12.9457 

603.805 

235 

2.13H9 

12.7529 

603.787 

64.59  , 

385.0054 

603.856 

y 

2.1471 

12.8043 

603.669 

2.1632 

12.9172 

002.880 

2.1608 

12.9019 

602. 925 

2.1473 

12.8118 

603.372 

HB 

2.1431 

12,7869 

603.364 

64 . 66 

385.5883 

605.691 

10 

270 

2.1577 

12.7242 

610.408 

280 

2.1228 

12.6658 

603.363 

Mean  Feedrate  -•  603.799 

Mean  Feedrate  »»  604.050 

^ea 

- 

o.8o;t 

NOTE:  Totol  feed  in  one  hour  w«.m  603.37  pounds 


Fi(pire  13.  Precision  Tost  for  Individuol  und  Integrated  Duoips 
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The  protectioh  of  pyrotechnics  from  environmental  degradants  has  long 
been  an  area  of  packaging  effort,  and  is  now  of  primary  concern  in  Vietnam, 
idiere  the  high  humidity  and  temperatures  jould  cause  loss  of  munitions 
effectiveness  and  reliability,  such  r.s  field-use  misfires  or  failure  to 
detonate. 

The  overpadfing  of  munitions  in  sealed  shipping  containers  has  reduced 
the  time  span  of  exposure,  but  oveipacking  affords  no  protection  to  the 
individual  round  after  the  container  is  opened  or  damaged.  Each  round, 
therefore,  should  be  individually  impervious  to  environment.  Efforts  to 
achieve  this  desired  leaktl^t  package  have  included  the  use  of  O-rings, 
sealants,  gaskets,  and  mechanical  crimps.  None  of  these  approaches  is 
coB^letely  effective  because  each  relies  either  on  synthetic  materials, 
idilch  themselves  degrade  as  a  result  of  exposure  to  stinllght,  temperature, 
humidity,  or  solvent  vapor,  or  on  mechanical  closures,  which  are  dependent 
upon  fit  and  mating  surfaces,  and  thus  difficult  and  costly. 

In  recent  years  ultrasonic  welding  has  been  proposed  and  evaluated 
and  progressively  utilized  to  accomplish  hermetic  packaging  of  pyrotechnics. 
Unlike  fusion  welding  techniques,  the  ultrasonic  process  does  not  involve 
high  temperatures,  nor  is  there  electrical  current  at  the  weld  area,  and 
this  method  has  thus  far  presented  no  serious  hazard  of  material  dstona- 
tion  or  Ignition. 

Hermetic  sealing  is  reliably  and  reproduclbly  obtained  with  ultra¬ 
sonics.  The  closures  are  usually  helium-leak  tested  to  about  5  ^  10~^^ 
cubic  centimeters  of  helium  per  second  sensitivity  at  standard  tenperature 
and  pressure.  Hermetlcity  is  the  result  of  true  metallurgical  bonding  of 
the  joined  components,  with  no  need  for  filler  materials,  and  the  bond  is 
as  Impeirvious  to  environwnt  as  are  the  basic  container  metals. 

Ultrascxilc  welding  is  straightforward  to  iaplenent,  and  in  most  cases 
can  replace  previous  sealing  techniques  with  little  or  no  container  parts 
modification.  The  weld  is  accomplished  by  clamping  the  workpieces  between 
an  anvil  or  holding  fixture  and  a  hollow,  annular  eoiwtrode  tip  which  is 
excited  torsionally  in  a  plane  approximately  parallel  to  the  plane  of  the 
wsldHnt.  Vibratory  frequency  is  usually  15  to  30  kilohertz,  depending 
on  the  design  of  the  system.  The  uninterrupted  weld  perimeter  is  pro¬ 
duced  with  a  single  power  pulse,  of  an  interval  generally  lees  than  0.5 
second. 


The  welds  need  not  be  circular)  they  can  be  square,  elliptical, 
rectangular,  or  of  inregular  geometry,  provided  the  overall  length-to- 
width  weld  zone  ratio  does  not  exceed  very  roughly  3  to  1.  Biis  ratio 
can  be  exceeded  by  using  two  "hits,"  or  by  using  a  proportioned  weld 
area. 

Ultrasonic  ring  welds  have  been  made  between  a  vailety  of  similar 
and  dissimilar  metals.  Including  combinations  of  aluminum  alloys  (even 
the  high-strength  structural  alloys),  stainless  steel,  titanium,  copper, 
brass,  Kovar,  gold,  beryllium,  and  beryllium  copper.  Ring  weld  diameters 
have  ranged  from  1/U  inch  to  about  3  inches ^  As  the  ring  diameter  and/or 
the  weld  width  (and  thus  the  weld  area)  is  increased,  higher  power  levels 
are,  of  course,  necessary. 

A  standard  ultrasonic  ring  welder  (as  illustrated  by  the  commercial 
model  shown  in  Figure  1)  can  be  used  for  a  variety  of  welding  appli¬ 
cations,  requiring  only  the  interchange  of  appropriate  terminal  impedance¬ 
matching  couplers,  welding  tips,  and  part-holding  fixtures.  The  fleocl- 
bility  enhances  practicability,  and  therefore  the  value,  of  the  process 
for  production  and  "short-run"  applications. 

A  few  typical  pyrotechnic  and  explosives  container  geometries 
illustrate  both  the  advantages  and  the  flexibility  of  ultrasonic  welding. 

The  first  container,  one  of  the  moat  comon  types  of  pyrotechnics, 
is  shown  in  Figure  2.  This  assembly  is  conventionally  sealed  by  install¬ 
ing  a  gasket  between  the  cover  di^  and  the  cup  flange  and  mechanically 
applying  pressure  across  the  seal  area  via  the  Installation  above  the 
disk  of  a  press-fit  ring  or  a  threaded  ring  nut.  In  contrast,  hermetic 
sealing  of  this  container  la  accomplished  ultrasonlcally  by  using  only 
the  cup  and  disk.  In  the  associated  ring  welding  operation,  as  shown  in 
Figure  3,  the  pyrotechnic-loaded  cup  is  placed  in  a  positioning  fixture, 
the  cover  disk  is  positioned,  and  a  moderate  static  clamping  force  is 
applied  concurrently  with  the  short- duration  pulse  of  vibratory  energy. 

The  required  distribution  of  force  and  energy  is  obtained  by  maintain¬ 
ing  parallelism  of  the  holding  fixture  face  and  the  plane  of  Ujc  weld¬ 
ing  tip. 

Generally,  there  is  no  need  for  special  parts  cleaning,  and  in 
many  cases  a  leaktight  closure  can  be  achieved  even  when  a  light  dust 
of  the  pyrotechnic  fill  is  present  at  the  weld  interface. 

In  another  application,  a  similar  package  without  the  extension 
skirt  (Figure  li)  was  loaded  with  H-5  propellant,  ultrasonlcally  weldsd, 
and  subjected  to  degradation  testing.  For  comparison,  standard  pro¬ 
duction  assanblies  Ircorporating  a  crimped  and  plastic-sealed  closure 
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were  similarly  tested.  Quantities  of  each  package  were  subjected  to  a 
week  of  temperature  cr’-cling  between  -65°F  and  +165°F  and  a  l5~day  ex¬ 
posure  to  0  saturated  atmosphere  of  acetone  and  cyclohexane*  The 
relative  quickness  and  relative  force  of  the  lot  of  M-$  propellant  used 
were  established,  and  the  fill  of  the  tested  packages  was  evaluated  by 
closed-bomb  techrinues.  The  propellant  from  the  silastic-sealed  packages 
showed  zero  percent  relative  quickness  and  [j7  percent  relative  force  at 
the  concluiion  of  the  exposures.  Propellant  from  the  ultrasonically 
welded  packages  showed  no  observable  loss  of  either  quickness  or  force 
at  the  conclusion  of  the  same  exposures, 

A  third  geometry  is  that  of  the  non-circular  propellant  package 
shown  in  Figure  6,  A  sample  lot  of  1100  units  was  ultrasonically  ring 
welded  for  process  evaluation.  Biese  units  demonstrated  100  percent 
reliability  and  reproducibility. 

These  ellipse-like  containers  also  used  an  outwardly  flanged  lip 
(approximately  0,02 5  inch  wide)  for  the  weld  s'lrface.  In  other  appli¬ 
cations,  the  flange  may  be  undesirable  for  packing  purposes.  This  is 
•tlie  case  with  the  smoke  crnister  shown  in  Figure  7;  individual  canisters 
are  stacked  within  a  cylirjlrical  body,  and  the  number  of  canisters 
determines  total  burning  time.  Figure  8  shows  the  method  for  obtaining 
a  required  straight-sided  configuration.  The  impact-extruded  aluminum 
canister  was  flanged  and  filled.  The  punched-sheet  cover  was  welded  in 
place,  and  the  assembly  was  re-formed  by  pressing  through  a  ring  die. 
Since  the  ultrasonic  weld  does  not  produce  embrittlement  or  less  of  duc¬ 
tility  in  the  parent  metels,  the  weld  zorie  can  be  re-formed  without  loss 
of  weld  strength  or  sealing  properties. 

Containers  having  . elatively  heavy  vails  can  be  sealed  without  form¬ 
ing  and  re-forming.  The  gas  generator  shown  in  Figure  9  incorporates  a 
welded  foil  cover  joined  directly  to  the  end  of  the  container  wall.  The 
thin  foil  sealing  disk  also  functions  as  a  rupture  disk  to  fail  at  a 
specific  internal  pressure.  A  design  variation  of  the  same  package 
(Figure  10)  resulted  in  the  production  of  a  complete  assembly  entirely 
sealed  with  one  weld,  Tlie  design  concept  developed  for  the  ultrasonic 
sealing  of  this  package  is  shown  in  Figure  11. 

Internal  shoulders  on  machined  parts  are  suitable  locations  for 
ultrasonic  ring  weldr,  as  shown  in  the  Figure  12  canister  filled  with 
6^  grams  of  M-10  propellant.  The  hermetic  seal  was  crjnpleted  in  0,5 
second,  indicating  that  a  production  rate  of  1^00  units  per  hour  is 
obtainable  using  essentially  standard  equipment.  Ultrasonic  ring  weld¬ 
ing  equipment  can  be  incorporated  into  automated  production  lines,  and 
the  frequency  converter  that  supplies  the  high-frequency  power  can  be 
remotely  located  as  may  be  necessary. 
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The  few  package  geometries  discussed  are  only  a  representative  cross 
section  of  the  several  dozen  specific  pyrotechnic  assembly  geometries 
investigated,  but  even  from  the  few  ezan^les  given,  many  geometric  vari¬ 
ations  are  readily  evident  for  application  to  packagiiig  problems* 

In  the  course  of  applications  considered  to  date,  ultrasonic  welding 
has  been  acoonpllshed  without  Incident.  In  almost  all  cases,  the  weld  has 
been  in  close  proximity  to  many  of  the  coimon  propellants,  explosives,  and 
hazardous  materials.  Figure  13  lists  some  of  these  materials  and  the 
quantity  per  package  in  some  of  the  hermetic  -applications . 

Investigation  of  materials  sensitivity  to  the  conditions  of  ultra¬ 
sonic  welding  has  Included  placing  quantities  of  M-5,  Hercules  Red  Dot, 
RDK,  and  BMI  directly  on  the  veld  zone  of  two  sheets  of  0.010- inch- thick 
aliminum.  No  ignition  oecurrecl.  In  ihe  case  of  the  Red  Dot  powder,  the 
large  and  tenacious  flakes  could  not  be  reliably  dispersed  to  guarantee 
a  leaktl^t  weld  in  all  cases.  However,  such  heavy  concentration  at  the 
veld  zone  should  occur  only  by  Intentional  placement. 

The  ultrasonic  ring-weld  seals  provide  a  high  degree  of  reproduci¬ 
bility  and  reliability.  Results  from  exploratory  investigations  involv¬ 
ing  as  few  as  2$  units  as  well  as  preproduction  runs  of  more  than  ^000 
assemblies  have  shown  a  zero  reject  rate  under  standard  helium  leak  test¬ 
ing,  generally  to  a  sensitivity  of  1.0  x  10"^  cc  per  second  at  STP. 

Thus,  the  ultrasonic  welding  process  offers  a  solution  to  the 
problems  of  protsctlve  packaging  of  pyrotechnics.  This  hermetic  sealing 
process  is  now  being  specified  by  munitions  manufacturers,  and  production 
facilities  are  incorporating  ultrasonic  welding  equipment. 
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In  cxploaive  bonding,  the  energy  released  during  detonation  of  an 

axploalva  la  used  to  establish  Interatomic  bonds  between  metals.  Tests 

have  indicated  that  che  strength  of  the  bonds  formed  may  equal  or 

exceed  the  strengths  of  the  Individual  metals  Involved.  More  recant 

1  2 

work  has  bean  reported  on  the  explosive  bonding  of  non*metals  '  . 

STUOISS  AT  FRAlfKPORb  AJtSBNAL 

Explosive  bonding  Investigations  at  Frankford  Arsenal  have  been  con¬ 
cerned  with  six  topics,  al  IndleatM  In  Table  1. 

Types  of  Walds.  Some  of  the  earliest  work  reported  qp  the  various 
types  of  weld  configurations  which  could  be  obtained  and  the  first 
pukilahtd  iaforastlon  on  the  fabrication  and  properties  of  explosive 
seam  welds  was  accomplished  at  F.A.  In  this  work,  seam  welds,  spot 
welds,  lap  joints,  area  welds,  were  all  demonstrated. 

Inspection  Techniques.  In  addition,  various  Inspection  techniques  were  used, 

Including  visual  and  metal lographlc,  radiography,  and  ultrasonic 

Inspection,  Wo  will  cone  btck  to  those  techniques  later  In  this  paper. 

This  oarly  work  Is  covered  by  two  publications  of  the  ASHE  and  the  Wsld- 

3,4 

Ing  Journal,  respectively 

Flat  Panels.  Later  work  at  F.A.  involved  the  development  of  procedures 
!  explosively  bonding  flat  Ta-8W-2Hf  alloy  panels  to  4150  steel  bars. 
Results  of  visual  exaailrtatlons,  metallographlc  surveys,  peel  tests,  hard¬ 
ness  end  tensile  teats  were  evaluated  end  would  later  be  applied  toward 
the  bonding  of  refractory  liners  In  steel  gun  barrels.  In  this  fist  panel 
work,  nltroguealdine  explosive  at  a  bulk  density  of  0,4  g/cc  w*s  used, 

In  cotijuoctloo  with  0.05  Inch  spacing  between  th*  tantelun  and  steal 

ttaebere.  Thle  work  le  rtported  in  referesrae  5. 
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TABLE  I 


EXPLOSIVE  BONDING  INVESTIGATIONS  AT  F.A. 

1.  Types  of  Welds 

a.  Seam 

b.  Spot 

c.  Lap 

d.  Area 

2.  Inspection  techniques 

a.  Visual  ^ 

b.  Ultrasonic 

c.  Photomicrography 

3.  Bonding  of  Plat  Panels 

a.  Tantalum  to  steel 

b.  Nitroguanidino  explosive 

4.  Bonding  of  Liners  in  Gun  Barrels 

a.  Refractory  Liners 

b.  Steel  Gun  Barrels  -  0.30  Cal.,  20iBa 

c.  RaiAs  serious  probleJfs  -  Materials  &  Explosive 

5.  Study  of  the  Explosive  loading  Mechanism 

a.  Instrumentation  and  Hsaturamcnt  Techniques 
.  Related  Work 

a.  Explosive  Forming  of  Magazines  in  Dies 

b.  Explosive  Forming  of  Tubular  Members  in  Dies 
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Lining  of  Gun  Barrela.  The  technical  objective  of  the  current  studiee 
at  F.A.  is  to  develop  procedures  for  explosively  bonding  refractory 
me,tal  liners  in  gun  barrels.  The  refractory  liners  would  enable  lighter 
base  hietais  to  be  substituted  for  steel  gun  barrels,  with  accoiepanying 
weight  and  cost  reductions.  This  would  fulfill  a  major  objective  of 
the  DOD,  that  seeks  to  impart  increased  transportability,  maneuverability, 
firepower  and  useful  life  to  weapon  systems.  In  line  with  this  objectix's, 
many  unsatisfactory  attempts  have  been  made  to  bond  refractory  alloys 
to  steel  stkuctural  components  by  using  conventional  welding  processes. 
Primary  causes  for  failure  are  attribiitable  to  the  Inability  of  con*> 
ventlonal  welding  processes  to  fem  strong  Joints  in  dissimilar  metal 
combinations  and  geometries  of  interest.  Quite  often  weak  joints  are 
produced  by  the  formation  of  brittle  intermetallic  phases,  or  the  pio* 
cesses  are  not  economically  feasible.  The  E.  B.  process  offers  consid¬ 
erable  promise  for  overcoming  these  problems.  As  is  indicated  In 
Table  1  we  are  currently  interested  in  twe  calibers  --  caliber  0.50  and 
20mn,  In  general,  the  complexity  of  this  process  decreases  with  increas¬ 
ing  caliber.  This  is  primarily  true  for  two  reasons.  First,  a  given 
liner  chlckneas  requires  a  minimum  amount  of  explosive  to  accelerate 
it  to  the  required  velocity,  so  there  is  a  certain  minimum  interior 
barrel  volume  below  which  bonding  will  not  be  obtained.  Secondly,  the 
detonation  velocity  of  an  explosive  decreases  with  decreases  In  linear 
dimension  of  the  explosive  charge  configuration,  eventually  reaching  a 
cutoff  point  where  the  explosive  ceases  to  propagate.  The  linear  dimen¬ 
sion  at  this  out  off  point  Is  termed  the  "critical  siee"  of  the 
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explosive.  In  general,  critlc^al  else  is  *  function  of  explosive  com¬ 
position,  particle  sist  sad  density.  To  date,  reftectot?  metel  liners 
(notebly  tentslua  end  its  alloys)  have  been  metal lurgleeliy  bonded 
inside  smooth-bore  gun  steel  tubes  (0.50  eeliber).  tn  addition 
satisfaetory  bonds  hove  been  obtained  inside  rifled  barrels;  however, 
has  been  found  that  the  lands  and  grooves  require  some  raodificaticm  - 
in  terses  of  rounding  them  off  to  avoid  cutting  during  liner  impact.  To 
date,  all  specimens  have  been  limited  in  size  to  lengths  of  4  inches. 
Explosive  Bonding  Mechanism.  In  a  concurrent  effort,  the  Research 
Institute  of  the  Drexel  Institute  of  Technology  has  been  supported  to 
conduct  basic  research  studies  on  the  explosive  bonding  meciianisn,  as 
it  relates  to  such  factors  as  the  nature  of  the  bond  Interface  and 
criteria  for  metallurgical  bonding.  In  the  short  period  in  which 
this  project  has  been  funded,  Drexel  has  made  scxae  significant  strides 
in  the  areas  of  dimensional  analysis  of  gross  parameters  and  dynamic 
measurement  techniques^. 

Related  Work.  A  related  area  to  the  work  already  discussed  --  explosive 
forming  —  has,  nevertheless,  played  an  important  role  in  understanding 
explosive  welding  operations.  Two  sub-tasks  at  F.A.  are  worthy  of 
noting:  the  explosive  re-forming  of  M-l4  Rifle  magazines;  and  the 
explosive  forming  of  steel  tubes  in  dies  ^  . 

EXPLOSIVE  BONDING  THEORY 

History:  For  natqr  years,  probably  since  the  18B0*s  when  modem  high 
velocity  gunnery  was  first  introduced,  instances  of  tmititenticnal 
explosive  bonding  had  been  observedf  but  not  recognised  for  their  potentiel 


importance,  when  metal  projectiles  fired  at  metal  targets  where  occasionally 
found  metallurgically  welded  to  plecif'e  of  the  target.  Visitors  to  the 
Ordnance  Mueoum,  Aherdsen  Proving  Oround,  Maryland  can  view  an  exhibit 
of  such  a  projectile  welded  to  a  target  plate  that  the  projectile  was 
Intended  to  penetrate.  During  the  1880*s  Professor  Charles  E.  Hunroe 
discovered  the  Munroe  or  shaped-charged  effect  which  was  intensely 
studied  and  used  in  designing  aaswmitlon  for  ermor-defeatlng  purposes 
during  World  War  II  ®  . 

Although  the  pertaining  principle  of  both  shaped  charge  aomunltion 

and  explosive  bonding  is  the  saiae  --  nmely  the  "Munroe  Effect"  In 

which  there  is  formation  of  a  high  velocity  jet  between  Impacting 

surfaces  -  the  jet  is  used  to  achieve  directly  opposite  end-effects. 

Shaped  charge  amcunition  usea  the  jet  to  increase  the  total  target 

% 

depth  penetration  or  maxienim  destruction  attainable  per  unit  weight 
of  explosive.  On  the  other  hand,  explosive  bonding  uses  the  Jet  to 
achieve  metallurgical  bonding  of  two  materials.  Explosive  bonding  was 
probably  flrat  recognized  for  Its  full  potential  when  explosive  forming 
Investigators  during  the  1950 'a  observed  that  the  metal  blanks  being 
explosively  fotiaed  sometimes  became  welded  or  metallurglcally  bonded  to 
the  metal  dies.  From  examination  and  study  of  these  random  accidental 
Instances,  explosive  bonding  has  grown  to  the  point  where  it  is 
currently  a  useful  and  practical  metals  bonding  technology.  Several 
domestic  and  foreign  research  papers  on  explosive  bonding,  illustrating 
the  current  world-wide  interest  In  this  new  technology,  were  recently 
presented  at  the  First  International  Conference  of  the  Center  for  High 
Energy  Forming  held  at  Estea  Park  Colorado  on  19-23  June  1967;  This 
conference  waa  sponsorad  by  two  agenda#  of  the  Department  of  Dafense^ 
namely  the  U.S,  Army  Materials  Rasaarch  Agency  and  Advancad  Reaearch 
Projesta  Agency.  368 


Criterle.  for  a  MetallurRlcal  3ond.  Two  crlt«ria  must  be  satisfied  in 


any  welding  process,  namely  (I)  all  surfaces  to  be  Joined  must  be 
free  of  surface  films  consisting  of  oxides,  nitrides  or  adsorbed  gases 
that  are  inevitably  present  and  (2)  the  atoms  of  the  pure  materials  to 
be  Joined  must  be  brought  into  such  close  contact  that  inter-etomlc 
forces  can  act  as  a  bonding  force.  These  criteria  are  satisfied  in 
explosive  bonding  fay  the  formation  of  a  "Jet"  consisting  of  surface 
material  from  both  metals  to  be  Joined.  This  Jet,  which  Is  Identical 
with  the  shaped  charge  "jets"  of  Interest  during  World  War  II  era,  con¬ 
tains  all  the  unwanted  surface  Impurities,  and  permits  the  pure  metals 
to  come  together  under  the  propelling  action  of  the  extremely  high- 
pressure  (up  to  4,000,000  pal)  explosive  gases  as  shown  in  Flgurs  !•  In 

addition  to  these  two  criteria  which  apply  to  all  types  of  welding,  two 

% 

more  criteria  for  explosive  bonding  have  been  established;  first, 
in  bonding  parallel  surfaces, the  detonation  velocity  of  the  explosive 
should  be  about  equal  to  (and  preferably  slightly  less  than)  the  lower 
acoustic  velocity  of  the  two  metals  to  be  Joined.  This  criterion  has 
resulted  In  a  currently  Intensive  search  for  explosives  having  low  vel¬ 
ocities  of  detonation  and  having  explosion  products  that  produce  no 
deleterious  effects  on  metal  surfaces.  To  date,  explosives  with  detona¬ 
tion  velocities  as  low  as  1000  meters  per  second  have  been  used  in 
expioslve  bonding  studies.  Secondly,  the  Impacting  velocity  of  the  plate 
must  exceed  some  critical  velocity  which  is  necessary  to  plastically 

deform  the  parent  (base)  metel.  Table  II  shows  explosive  used  in  the 
studies  at  Prankford  Arsenal. 


LUSTRATION  OF  JETTING  !N  EXPLOSIVE  BONDING 


TABLE  II 

EXPLOSIVES  OSED  IH  EXPLOSIVE  BONDING  STUDIES  AT  FRANKFORD  ARSENAL 


High  VelocltY 

PETN 

PDX 

EL- SOSA* 

Tetryl 

Priuacord** 


hedtum  Velocity 
Low  Density  PETN 
Nltroguanldlne 
Dyneadte 


*  Proprietary  sheet  explosive  aade  by  R.  I.  du  Pont  de  Nemours 
and  Co. ,  Inc. 

**  Proprietary  cord  explosive  Jide  by  Ensl^  aSckford  Company 
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Appearance  of  the  IntTf>c«.  While  three  general  typee  of  boil|ftfed  eonea 
have  been  recognlecd  (eUaalfled  aa  to  the  aiv  ro-appearance  of  the  bonded 
interface)  only  one  type  appeara  to  be  uaeful  in  practice.  Hera,  the 
danarcation  line  between  the  bonded  naterials  haa  the  nppearance  of  a 
periodic  Sine  wave,  with  a  lapping  over  at  the  top  of  the  wave  creats 
in  the  fom  of  "fish-hooka"  shown  in  Figure  2.  Close  examination  of  the 
demarcation  line  area  usually  reveals  the  coarse  crystalline  structure 
of  the  base  naterials  (at  some  distance  from  the  actual  bonded  zone), 
a  much  finer  crystalline  deformation  structure  trithln  the  bonded  zone, 
and  pockets  of  a  cast  racrystallitad  structure  actually  in  the  deaMrca- 
tlon  area. 

In  an  effort  to  explain  the  wave-formation  process,  previous  in* 
vestigetora  have  resorted  to  various  ingenious  models  and  experimental 

9 

teclwiquee.  Abraheason  studied  an  abalogue  system  which  consisted 
of  a  moving,  silicone-putty  base  material  deformed  by  the  action  of  a 
(water)  Jet  which  penetrated  the  putty  at  an  angle.  From  this  relatively 
crude  s»del,  photographic  evidence  of  periodic  weve  formation  in  the 
silicone  putty  was  collected,  and  a  qualitative  wave- formation  sndel 
propoesd.  Crossland  modified,  qualitatively  refined  and  experimen¬ 
tally  confirmed  this  model  by  direct  and  metallogrephlc  observation  through 
the  use  of  galvanic  platings  on  the  surface  of  both  base  materials. 

Similar  plating  experiments  were  carried  out  by  Cowan  et  al  in  a 

12 

more  quantitative  fashion:  and  by  Rosenateil  chiefly  for  the 
purpose  of  evoiding  undesirable  brittle  intecmotsllic  compexmd  formation. 


In  addition,  Cowan  gathered  experimental  evidence  of  the  existence  of 
a  metal  Jet  formed  during  the  exploalva  bonding  process  and  cited  this 
jet  formation  as  a  corollary  criterion  for  explosive  bonding. 

For  the  explosive  bonding  process,  it  has  been  found  that  close 
control  of  all  material  paramatars  (including  chose  of  f.hc  explosive) 
must  be  Mlntalned  in  order  to  avoid  severe  side  effects,  such  as 
severe  deformation  and  surface  damage  to  the  cladding  (flyer)  plate; 
the  formation  of  a  relatively  large  proportion  of  britcle,  intermetalllc 
compounding  at  the  bond  Interfnce;  and  the  damaging  effects  to  the 
bonds  formed  of  any  high  energy  shock  waves  reflected  from  free  surfaces 
of  the  base  material. 

EXPLOSIVE  BONDIHG  TEOWOT/W 

Geometrical  Configurations.  Explosive  bonding  generally  is  accomplished 
with  one  of  the  two  techniques  Illustrated  In  Figure  3.  The  most 
obvious  dissimilarity  batwaan  the  two  setups  is  the  positioning  of  the 
panels  to  be  bonded.  The  top  panel,  (Figure  3A)  is  placed  at  an  angle 
to  the  bottom  member .  This  angle  la  somaCimes  known  as  the  "contact 
angle"  and  coosaquently  tha  swtbod  has  been  celled  the  ''angular" 
technique.  In  Figure  31  the  members  are  parallel  tc  each  other.  The 
panels  may  ba  either  la  contact  or  a  predetarmined  distance  apart.  This 
cachnique  has  been  called  the  "gap"  technique  due  to  the  gap  or  spacing 
between  the  panele. 

The  aatupe  also  are  similar  In  several  respects.  The  panele  ere 
located  between  an  cxpleelvm  charge  «»d  an  anvil  with  tha  bottom  panel 
raetlag  an  the  anvil.  The  mavil  raswvaa  excaaeive  enetgy  ttm  tl»a  weld 
tngioiit  ptavamtimf  tha  bend  from  baiog  tatn  agart  aflat  It  la  femrif . 
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The  purpose  of  the  protective  meterial,  which  is  not  necessary  for  sobm 
explosive  ehergas,  is  to  prevent  pitting  or  gouging  of  the  panels. 
Protective  ■eterlals  have  been  Bade  froe  many  substances  including 
rubber,  masking  tape,  wood,  and  plastics. 

Variations  of  the  «bove  techniques  also  are  employed.  The  gap 
technique  in  Figure  JB,  for  example,  lends  itself  with  slight  modifica¬ 
tion  to  the  cladding  of  hollow  cylinders  such  as  gun  barrels.  In  order 
to  bond  a  liner  Co  the  Interior  surfccc  of  a  hollow  cylinder,  the 
explosive  auky  be  placed  inbide  Che  liner  and  a  dio  positioned  outsioe 
the  cylinder.  The  die  serves  an  an  anargy  sink  and  aida  in  maintaining 

tha  anterior  disMnsions  of  the  cylindar.  Ccnvsraely,  the  outer  surface 

\ 

of  a  hollow  cylinder  toey  be  clad  with  tubing  by  placing  the  explosive 

around  the  exterior  of  the  tubing  and  a  teandrei  inaida  tha  cylinder  to 

prevent  it  from  buckling.  In  these  examples,  en  appropriate  spicing 

would  exist  between  the  cylinder  end  liner  or  tube  that  would  serve  as 

the  gap.  Tubing  or  pipe  may  be  Joined  Co  itself  with  these  techniques. 

Important  Parameters.  In  en  attempt  to  relate  these  process  parameters. 

Carpenter  find  Wittman  derived  an  empirical  relationship  (which,  it 

is  elalsvad,  is  applicable  for  good  bonding)  between  the  explosive 

charge  uaee  per  vmic  area  1,  and  certain  materiel  properties  and 

geometric  factore  which  may  be  incorporated  into  the  term  gptV?  where; 

d 


a  •  yield  strength  of  cladding  piste 
p  ■  density  of  the  cladding  piste 
t  >  thickness  of  the  cladding  plate 

d  •  gap  distance  between  the  base  materials, using  the  gap 
technique 

g  •  dynamic  collision  angle 

This  relationship  may  be  generally  expressed  as: 

L  ■  opt  6 ^ 
d 

It  is  to  be  noted  that  this  relationship  is  not  dimensionally 

consistant.  However,  it  appears  that  it  is  satisfied  over  an  appreciable 

range  of  suiterial  properties  and  gap  distances  for  a  specified  explosive. 

In  a  more  recent  investigation  by  Hay  and  Kowallck  ,  dimensional 

anelysls  has  bsen  used  to  relate  the  process  parameters  by  the  relation: 

L  ■  2£t 
Ed 

where  E  Is  the  elastic  modulus  of  the  base  material,  and  the  other 
paracisters  are  aa  defined  above,  '^is  relationship  Is  dimensionally 
consistent  snd  appears  to  satisfy  available  data  on  explosive  welding 
(see  Figure  4). 

Types  of  Welds  and  Joints.  Essentially  three  types  of  welds  heve  been 

eccomplished  with  the  exploelve  bonding  process.  These  ere  seam  welda, 

spot  welds  and  wide  eree  welds  more  coasxmly  known  as  claddings.  The 

i'.reate'iC  eppHcatlon  for  Che  proceee,  thus  far,  has  been  associated  with 

cladding  applfcaClone  In  which  the  lower  stembcr,  for  example,  e  eteel 

plate  ,hes  been  overleycd  with  a  thii%  sheet  of  another  alloy.  Usuelly 

Che  purpoea  of  the  cladding  is  Co  impart  aoa»  specific  property  to 

the  plate  such  as  wear  or  corrosion  raaistaoca.  Explosive  spot  and 

aemm  welding  have  been  used  to  a  much  more  limited  extMt. 
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B<A5E  PLATB 


Frankford  Arsenal  has  demonstrated  that  all  of  the  basic  weld 


joints  with  the  exception  of  the  butt  can  be  made  with  the  explosive 
bonding  process,  A  variety  of  structural  materials  have  been  bonded 
using  lap,  tee  comer  and  edge  Joints,  No  known  butt  joints  have  been 
accomplished  although  a  considerable  amount  of  effort  has  been  expanded 
in  this  area. 

Base  Materials.  Many  base  metals  have  been  Joined  by  explosive  bonding 
including  iron,  low  carbon  steel,  medium  carbon  steel  and  alloy  steels 
in  aimilsr  and  diislmllai  combinations.  The  process  has  also  proved 
suitable  for  joining  various  combinations  of  aluminum,  copper,  beryllium, 
tin  and  magensium  alloys  as  well  as  refractory  alloys  and  precious  metals. 

Explosion  bonding  appears  to  be  adaptable  to  most  metal  systems 
except  those  in  which  the  base  materials  have  low  impact  resistance  or 
low  melting  temperatures.  It  has  been  reported  that  metals  which 
have  very  low  impact  resistance  are  not  usually  bonded  with  explosives 
because  they  tend  to  fragment  during  the  explosion.  Also,  metals  with 
very  low  melting  ranges  have  been  difficult  to  bond  with  the  usual 
explosives  since  there  is  a  tendency  for  the  metals  to  fuse  under  the 
high  pressures  generated  during  bonding.  However,  these  difficulties 
may  be  overcome  with  further  Improvements  in  techniques  and  the  develop¬ 
ment  of  new  explosives  with  lower  detonation  velocities.  For  example. 
Carpenter  and  Otto  have  recently  obtained  high  quality  explosive 
welds  of  lead,  a  low  melting  point  material,  to  steel  at  ambient  tempera¬ 
ture  by  using  a  low  velocity  (lOOi)  m  per  second)  free-running  dynamite, 
namely  DuPont  "Red  Cross"  Blasting  FR  dynamite. 


Most  explosive  bonding  work  has  been  conducted  on  materials  In  the 
worked  condition  although  some  bonding  has  been  performed  with  castings. 
Cladding  materials  ranging  from  a  few  mils  to  more  than  one  Inch  in 
thickness  have  been  bonded  to  backer  materials  ranging  In  thickness  from 
less  t’  ..n  1/4  Inch  to  18  Inches.  The  size  of  the  welded  assemblies  have 
varied  front  small  coupons  to  at  least  7  feet  ty  20  feet.  Steel  forgings 
cladded  with  stainless  steel  are  used  to  prevent  salt  water  corrosion. 
Aluminum  clads  are  used  In  turbine  engine  applications.  !<uclear  power 
plants  employ  explosively  bonded  reactor  tubes. 

Advantages.  The  basic  advantages  of  explosives  bonding  are  derived 
from  the  fact  that  bonding  depends  only  on  the  establishment  of  dynamic 
conditions  for  jetting  and  thus  the  restrictions  to  fusion  and  solid- 
state  methods  for  welding  do  not  apply.  Some  of  these  advantages  may 
be  Hated  aa  follows: 

1.  Metals  with  widely  different  melting  points,  thermal  expansions 
or  hardnesses  can  be  bonded. 

2.  Large  areas  can  be  bonded. 

3.  Field  fabrications  can  be  made  in  inaccessible  locations. 

4.  Thin  sheets  or  foil  can  be  bonded  to  heavy  plates. 

5.  Heat  affected  zones  are  not  produced  since  only  a  very  small 
rise  in  temperature  occurs  during  bonding. 

6.  Unusual  geometrical  configuration,  welds  and  Joints  can  be 

bonded . 
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ABSTRACT 


Photographic  and  photometric  measureLients  made  on  the  detonation  processes 
frcan  20  ton  and  100  ton  spherical  TFT  explosions  delineate  the  existence 
of  two  shock  waves.  Total  radiation  measurements  reveal  the  primary 
shockwave  breakout  from  the  fireball  at  a  time  correlating  with  the 
second  radiation  mcudmum.  The  secondary  shockwave  occurs  when  the 
detonation  front  Is  reflected  at  the  charge  surface.  This  reflected 
shockwave  causes  secondary  brightening  In  the  fireball  and  radiation 
measurements  Indicate  a  third  maximum.  The  expansion  of  the  fireball 
surface  area,  with  time,  overrides  the  unit  radiation  decay  so  that 
the  total  relation  from  the  fireball  Increases  to  the  maximum  (shockwave 
breakout).  This  process  is  repeated  by  the  secondary  shockwave.  Ultra 
hlgh-si)eed  photograidiy  and  rapid  response  pyrometry  were  utilized  in 
correlating  shockwave  breakout  with  radiation  intensity. 


iirrRODOCTioii 


For  a  number  of  years  there  has  been  an  Interest  In  the  early-explosion 
phenomena  frost  hl^  explosive  (HE)  charges.  This  interest  was  nurtured 
when  vacuum  chamber  tests  indicated  gross  variations  in  the  piezoelectric 
and  photoelectric  data  from  gram-size  charges.  In  order  to  better 
understand  the  results,  different  models  were  considered  in  the  detona¬ 
tion  process.  The  one  chosen  for  consideration  took  into  effect  the 
detonation  wave  at  the  edr-erploslve  boundary  where  whole  or  peurt 
continued  as  a  shock  in  air,  obeying  the  usual  hydrodynamic  equations. 

If  this  did  occiir,  the  motion  of  the  expanding  hot  gas  sphere  behind 
this  transmitted  air  shock  would  be  quite  different  from  the  expansion 
into  air  that  had  not  been  shocked.  In  addition,  there  would  be  an 
effect  of  the  rarefaction  wave,  if  only  part  of  the  shock  were  trans¬ 
mitted  into  the  air.  If  all  or  peurt  of  these  conditions  exist,  the 
shock  generation  from  an  explosion  of  a  sphere  of  explosive  then  would 
necessarily  be  different  from  that  produced  in  a  spherical  shock  tube. 

The  study  of  the  early-time  phenomena  from  pound-size  HE  explosions 
has  been  conducted  by  the  Denver  Research  Institute.  These  early-time 
studies  consisted  of  recordlofr  ultra  hl^.  speed  photographic,  spectro- 
graphlc  and  i^toelectric  data  fr<aa  the  events  during  the  first  few 
sdlliseconds  of  the  detonation  process. 

This  research  afforded  the  opportunity  to  acquire  data  from  the  early- 
time  detonation  phenomena  of  large  charges.  Some  of  the  similarities 
as  well  as  discrepancies  between  the  performance  of  ton-size  and  pound- 
size  cheurges  were  inArestigated  in  an  atteoqjt  to  reach  a  better 
understanding  of  the  detonation  processes.  The  20-ton  TlfT  events  provided 
an  expanded  time  scale  of  approximately  17  times  the  scale  from  an 
8-poiind  charge.  This  magnification  of  the  time  scale  allcwed  more 
precise  measurements  of  early-time  detonation  i^enomena. 
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EXPERIMENTAL  PROCEDURE 


The  early-,  intermediate-  and  late-time  photographic  and  photoelectric 
data  were  recorded  using  high  and  ultra  high  speed  cameras  and 
oscilloscopes.  These  units  were  generally  located  at  one  position  for 
each  event  at  distances  ranging  from  9^5  to  I69I  feet. 

The  ceirly-time  microsecond  photographic  results  were  obtained  on  colored 
film  with  a  Bechman  and  Whitley  192  or  I89A  camera  at  framing  rates  of 
one-fourth  to  one-half  million  frames  per  second.  Millisecond  sequences, 
showing  later-time  photographs,  were  obtained  with  Dynafax  ceuneras  at 
framing  rates  of  approximately  25,000  frames  per  second.  Intermediate- 
time  results  were  procured  with  Fastax  and  Eastman  High  Speed  cameras 
enq)loylng  a  variety  of  filter  and  film  combinations.  Later-time  fireball 
and  cloud  growth  were  photographed  with  D.  B.  Mllliken  cameras  at  128 
and  kOO  frames  per  second. 

The  photoelectric  information  was  recorded  with  two  four-beam  oscillo¬ 
scopes.  The  sensing  devices,  used  to  record  total  radiation,  were 
silicon  solar  cell,  photodiode  and  photomultipliers.  A  time-resolved 
optical  pyrozneter  (Pyl),  utilizing  a  solar  cell  as  a  sensing  element, 
was  employed  to  register  unit-density  light  output  in  three  Alfferent 
radiation  bands.  The  numerical  ratios  between  the  bands  were  utilized 
to  determine  temperature-time  values.  Another  time-resolved  optical' 
pyrometer  device  (Mod  Pyl)  was  modified  to  obtain  unit-area,  broad-band, 
radiation-time  Information  which  was  used  to  generate  the  total  area, 
broad-band,  radiation-time  pulse  as  recorded  by  the  solar  cell. 


RESULTS 


The  results  presented  in  this  paper  cover  data  obtained  with  photo¬ 
graphic  and  photoelectric  devices  used  on  Events  1,  la,  3,  5  and  6. 

The  20-ton  TNT  data  from  Events  1,  la,  3  and  5  and  the  100-ton  TNT 
data  from  Event  6  are  conpared,  wherever  possible,  to  1-  and  8-pound 
spherical  pentolite  data  obtained  With  the  same  recording  equipment. 

A  general  description  of  the  experimental  setups  and  the  type  of  data 
obtained  ai-e  given  before  the  presentation  of  the  results. 

Event  1  -  The  charge  was  a  20-ton  TNT  sphere,  9-2  feet  in  diameter . 
It  was  constructed  on  a  tower  from  32.5-pound  blocks  of  TNT.  The 
center  of  the  charge  was  located  85  feet  above  the  giound  surface. 
The  recording  devices  were  1336  feet  from  ground  zero,  bearing 
approximately  ll4°.  Most  photographic  results  were  obtained.  Photo¬ 
electric  data  were  sparce  due  to  too  high  a  gain. 

Event  la  -  The  charge  configuration  was  the  same  as  for  Event  1 
with  the  exceptions  that  the  center  of  the  charge  was  only  29.5 
feet  above  the  ground  and  cradled  with  styrofoam  instead  of  wood. 
Most  recording  devices  were  stationed  at  the  msdn  camera  position 
located  IU58  feet  from  ground  zero  at  a  bearing  of  154°.  Most 
photographic  and  photoelectric  data  were  recorded. 

Event  3  -  The  charge  was  a  20-ton  TNT  sphere,  9-2  feet  in  diameter, 
half  buried  in  the  ground.  The  recording  devices  were  9^5  feet 
from  ground  zero,  bearing  approximately  136°.  Data  were  obtained 
covering  all  fields  of  interest. 

Event  5  -  This  event  was  a  repeat  of  Event  3  with  the  exceptions 
that  the  detonation  took  place  under  winter  conditions  and  the 
devices  were  located  1132  feet  from  ground  zero,  bearing  approxi¬ 
mately  180°.  All  data,  with  the  exception  of  one  scope  record 
containing  photoelectric  information  were  lost  due  to  a  premature 
detonation. 

Event  6  -  The  charge  for  this  event  was  a  100-ton  TNT  sphere, 

15,7  feet  in  diameter,  ta.ngent  to  the  ground  surface  and  cradled 
with  styrofoam.  The  recording  devices  were  I690  feet  fra*  ground 
zero  at  a  b?aring  of  approximately  171°.  Ali  photoelectric  data 
were  i  st  due  to  pretriggering.  Most  of  the  photographic  data 
were  recorded  on  time. 

A.  Photoelectric  Re.sults 


Past  and  present  thermal  measurements  obtained  from  large  HE  explosions 
indicate  that  there  are  three  distinct  radiation  maxiaiuffis  in  the  pulse 
shape.  These  raaxiraums  are  easily  recorded  whenever  the  sensing  device 
la  a  broad-band,  red-sensitive  unit  which  observes  the  total  presented 


radiation.  Narrow-band,  blue-sensitive  sensei-;'  indicate  the  presence 
of  only  one  maxiumum  occurring  very  early  in  the  detonaTien  process. 
The  lack  of  sensitivity  in  the  red  region  of  tne  spectniE.  prevents 
these  devices  from  readily  recording  rcc.  aticn  at  later  times  when  the 
second  and  third  maximums  appear. 


In  order  to  obtain  photoelectric  date  in  different  spectral  regions  of 
the  radiation  spectrum,  ess  assortmciit  of  photoelectric  devices  were 
used  which  consisted  of  both  wide-  and  narrov-band  recording  units, 
such  as  8  silicon  solar  cell  (SPE--U0)  and  a  photodiode  (oD-lCX3),  an 
ultraviolet  sensitive  photomultipl-er  (l?2c'),  a  blue  sensitive  photo¬ 
multiplier  (931A),  a  time-resolveu  optical  pyrometer  (Pyl)  and  a 
modified  optical  pyrometer  (Med  Tyr).-^ 

The  SFR-08  solar  cell  and  SD-100  photodiode  are  sensitive  to  a  relatively 
broad  band  of  radiation,  525®  to  9  A°  and  MtOO  to  10,600  A°, 
respectively.  The  solar  cell  has  a  response  of  about  seven  microsecc; ds , 
whereas,  the  photodiode  has  a  response  of  better  than  10  nanoseco-j. s . 

The  SD-100  photodiode  unit  was  calibrated  with  a  model  s80-20  hOi/i) 
radiometer  so  that  its  pulse  record  could  be  converted  to  the  Ijght-txcie 
output  from  Ihrent  la.  Both  of  these  devices  looked  at  the  total 
radiation  from  the  detonations. 

The  fast  response  pyrometers  (Pyl  and  Mod  Pyl)  have  as  sensing  ’units 
the  SPR-08  solar  cell.  The  Pyl's  are  units  which  focus  on  a  i-.nit  area 
of  the  surface  of  the  source  of  radiation.  The  unit  area  01'  coverage 
was  variable  dependent  upon  the  distance  of  the  device  to  the  ch-'jrge. 

The  area  of  coverage  for  the  Pyl  had  the  dimensions  given  by  the  formulas: 


h  =  .C0532d,  b  --  .fX'>0S9d.  where  "h”  is  the  might,  b"  Is  the 
breadth  and  "d”  is  the  distance  from  the  ryi  to  tne  charge. 


The  Pyl  obtained  three  relatively  narrow  band  records  whose  peaks  were  at 
7250,  62SO  and  5*550  .  The  Pyl  unit  was  calibrated  to  give  temperature- 
time  history  from  the  band  ratio-time  values. 


The  Mod  Pyl  was  developed  after  Kvents  1 

*  a)  Silicon  solar  cell,  manufactured  by 
5<’5t  points  of  52'-0  and  ‘70s.''  A)'  peak 
were  also  used  as  sensing  units  in 


iuvi  i  in  o-der  to  prove  '...ias 

International  Heclifier  •■.-ou^'ttny 
at  .'o'  : icon  soltu*  cell 

tt:e  pyl  Mod  Pyl. 


b)  RCA  Electron  Tube  Handbook  H-Bj,  PhotoKult- 
curve.  TiBt.  poirit.s,  23’X'  and  U'dVA'^,  i)e8k 
931  A,  S--*  response  'urve,  pxsi  t.s, 

5,1CH! 


Iter,  1P'.'8,  5-5  respo'sse 
k’v'v  A".  PhoternuU- ipjier 
nd  A^  ,  pen?  at 


Edperton.  ''rermeshausen  and  drier 
photodiode,  points,  9U;V  nnd 
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the  radlation-tlaie  history  per  unit  area  could  be  used  to  generate  the 
total  radiation-time  record  recorded  by  a  similar  sensing  unit  which 
looks  at  the  total  radiation.  In  order  to  accomplish  this  feat,  the 
Mod  Pyl  was  developed  as  a  focused  device  which  recorded  wide-band, 
unit-area  radiation  from  the  surface  of  the  charge.  The  photomultiplier 
units  (1P28  and  931A)  were  used  to  sense  th  total  radiation  in  the 
ultraviolet  and  blue  regions  of  the  spectra.  These  devices  aie  relative¬ 
ly  narrow-band  with  fast  nanosecond  res'  mse.  The  ModPyl  focused  on  an 
area  50  percent  greater  than  the  Pyl  unit  located  at  the  same  distance 
to  the  charge. 

I.  Photoelectric  Results  from  1-Pound  Pentolite  Spheres. 

Prior  to  participating  in  Events  1  and  3>  tests  were  conducted,  using 
1-pound  spherical  pentolite  charges  to  determine  the  light  output 
response  of  the  photoelectric  devices  which  were  to  be  used  on  the 
20-ton  detonations. 

The  silicon  solar  cell  records  of  the  fireball  luminosity  time  history 
obtained  from  detonated  1-pound  pentolite  spheres  contained  three 
peaks,  similar  to  those  observed  from  present  and  past  HE  explosions. 

The  first  maximum  occurred  at  approximately  12  usee,  the  second  at 
about  150  usee,  and  the  third  (secondary  brightening)  at  about  2.5  as. 

-IJ  mea.sured  from  first  light. 

A  veiy  siaipUfied  description  of  ho  Pf^ssible  steps  associated  with 
the  detoriation  proce:'S  '  '.icii  mzy  cause  tdtese  maximums  and  minimums  to 
exist  is  a.',  follows: 

a.  T'ne  first  peak  of'  light  is  pr'-oduced  by  the  detonation  front 
It!  the  explosive  as  it  passes  ecro.'c  ohe  <iir-explc>slve  surface 
buur.dury.  This  p'eak,  whicii  radiates  .aubEtantially  in  the  ultra¬ 
violet  region,  bc'-a'ise  of  tiie  high  temperature,  decay's  rapidly 
ns  the  initial  radiating  species  euoi .  The  rate  of  decay  in 
temperature  -iuring  this  period  of  time  is  atsch  faster  than  the 
presented  urea  expo*^;’ i (-n  of  the  t'irebali  .so  that  the  total 
radiation  Jeoreases  to  the  first  minimum. 

b.  The  •••hange  in  the  rate  of  decay  ir.  temperat-ire  at  about  the 
tl.>>w  of  the  first  iK’nispiB  .ard  the  ci'ntinued  fireball  expansion 
.-rau-se:'  an  ^vernii  i:---re8-se  ir.  total  radi.atlor.  fn)m  this  point  in 
time  until  fr.e  re^’enud  peak. 

c.  second  peak,  which  follovs,  is  near  the  limit  of  expansion 
t”d'  the  ’ir-cirvii.  The  decay  from  this  point  follows  the  breakout 
of  the  main  .'^hock  frc'm  the  fireball. 

d.  The  time  of  th.ir  i  .•naxisu'.',.  the  time  when  the  secondary 
brightne.ac  occurs-  T}-.i.E  brightening  i.n  thought  to  be  caused  by 
the  reflectei  v  .ve  which  is  generated  when  the  initial  detonation 


wave  in  the  explosive  comes  in  contact  with  the  air-surface 
interface.  This  wave  re-radiates  from  the  center  of  the  charge 
causing  an  acceleration  in  the  chemical  process  as  it  passes  through 
the  fireball. 

2.  Photoelectric  Results  from  8-pound  Pentolite  Spheres 

Comparisons  of  the  photoelectric  results  from  Events  1  and  3  to  those 
from  the  detonation  of  1-pound  pentolite  spheres  indicated  decided 
differences  in  the  amplitude  and.  time  of  the  early  peaks.  These 
differences  seem  to  infer  that  the  point  of  initiation  affected  the 
density-time  of  the  short-lived  radiation  species  which  are  present  in 
the  very  early  stages  of  the  detonation  proces-s.  As  a  result,  pentolite 
chsrgss,  which  had  a  near-center  initiation  point,  were  cast  and 
detonated  at  the  East  Range  facility  of  the  Denver  Research  Institute 
(DRI)  for  the  purpose  of  obtaining  coit5)arable  photoelectric  data. 

Eight -pound  size  charges  were  selected  for  these  tests  in  preference 
to  the  1-pound  since  the  exact  location  of  the  initiation  was  hot  as 
critical  for  the  smaller  size. 

Comparisons  of  narrow-hand  and  wide-hand  photoelectric  results  from 
Events  1  and  3  Indicated  the  possibility  of  generating  by  other  means, 
the  pulse  shape  recorded  by  a  wide-band  sensor,  like  the  solar  cell, 
which  looked  at  the  total  radiation.  This  assumption  led  to  the  con¬ 
struction  of  the  Mod  Pyl  unit  which  looked  at  the  radiation  from  a 
fixed  area  of  the  charge.  The  output  signal  from  rhis  device  was 
independent  of  the  total  e  pansion  of  the  presented  surface  of  the 
fireball.  By  multiplying  the  total  presented  area  of  the  fireball 
by  the  total  unit-area  aicplitude  value  recorded  at  the  same  instant  of 
time,  a  wave  shape  was  generated  which  was  similar  to  the  total 
radiation  signal  recorded  by  the  solar  cell.  This  development  is 
shown  in  Figure  1.  The  Mod  Fyl  signal  is  A,  the  variation  in  area 
with  time  is  indicated  by  plot  J  ,  the  total  radiation-time  signal, 
generated  by  multiplying  A  by  R§  is  given  by  the  plot,  A  X  Ro  ♦  The 
Rq  values  were  those  obtained  from  ultra  high  speed  pictures  of  the 
detonation  of  an  8-pcund  sphere.  values  were  extrapolated  from 
h6  to  3o  u  sec . 

The  results  from  the  20  and  100-ton  TNT  explosions  scaled  reasonably 
well  to  the  B-pound  results. 


SUMMARY 


The  following  provides  a  summary  of  results  from  the  20  and  100-ton 

TNT  explosions. 

A.  There  are  three  maximums  in  the  total  I’adiation  produced  by  an  HE 
detonation  which  are  easily  detected  by  wide-hand  photoelectric 
devices . 

B.  The  unit  radiation  from  an  HE  detonation  decays  exponentially. 

C.  The  expansion  of  the  presented  fireball  surface  area  with  time 
over  rides  the  unit  radiation  decay  so  that  the  total  radiation 
from  the  fireball  increases  from  the  first  minimum  toward  the 
second  maximum,  at  which  time  the  main  shockwave  breaks  out  of  the 
fireball. 

D.  The  total  radiation  decays  from  the  second  maximum  to  a  second 
minimum  at  which  time  the  secondai'y  shock  generates  the  secondary 
brightening;  i.e.,  third  maximum. 

E.  Time-of -occurrence  of  the  first  peak  as  recorded  by  photoelectric 
instruments  from  the  detonation  of  tone-size  TNT  spherical  charges 
scale  fairly  well  to  centrally  initiated  8-pound  spherical  pentolite 
charges . 

F.  The  peak  radiation  output  as  recorded  by  tlie  solar  cell  con^ares 
from  event  to  event  when  corrected  for  distance  to  and  size  of 
charge. 

G.  The  temperature -time  calculations  made  from  the  measurements 
recorded  with  a  time-resolved  optical  pyrometer  on  Event  la  indicate 
a  decay  in  temperature  from  about  65OO  K  at  9^  micro-seconds  to  about 

hOOO'^K  at  720  microsecond.s ,  if  the  fireball  is  assumed  to  be  a 
black  or  gray  body  with  cortstant  emissivity. 

H.  The  spectral  records  from  the  events  show  continuum  with  selective 
emission  and  absorption  of  atomic  and  molecular  species. 

I.  Photographic  records  on  XR  and  H.  S.  Infrared  films  indicate  good 
correlation  in  uhe  times  of  breakout  of  the  main  and  secondary 
shockwaves  to  the  results  obtained  with  wide-band  photoelectric 
devices. 

J.  Good  radius -time  correlation  was  exhibited  between  values  calculated 
from  ultra  hig);  speed  camera  measurements  at  264,000  frames  per 
second  and  the  high  speed  camera  measurements  at  7,812  frames  per 
second. 
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THE  EXPLOSIVE  PCRMIHG  OF  METALS 

by  Arthur  A.  Ezra,  Ph.D. 

Center  for  High  Energy  Forming 
University  of  Denver 

1.  INTRODUCTION 

Explosive  forming  uses  the  short  sharp  energy  release  from  the  detonation  of  a  high 
explosive  to  form  a  metal  blank  to  a  desired  shape.  A  diagram  of  the  process  is  shovn  In 
Figure  1,  along  with  an  identification  of  a  number  of  important  variables.  The  shock  wave 
from  the  explosive  in  the  energy  transfer  medium  impinges  on  the  metal  blank,  forcing  it  into 
a  female  die  or  over  a  male  die.  The  energy  transfer  medium  is  conmonly,  though  not  exclusively, 
water. 

The  major  advantage  of  explosive  forming  is  the  almost  unlimited  amount  of  force  and 
energy  that  can  be  provided  cheaply  from  chemical  explosives,  which  are  readily  available,  with 
a  correspondingly  low  capital  investment  in  facilities.  For  example,  one  pound  of  dynamite, 
costing  a  few  cents,  contains  ac  much  energy  as  a  100  ton  drop  hammer.  Alternatively,  one  pound 
of  dynamite  contains  about  £  million  joules  of  energy.  A  capacitor  bank  this  size  would  cost 
almost  half  a  million  dollars. 

Explosive  forming,  therefore,  shows  the  greatest  potential  economic  benefits  for 
forming  limited  numbers  of  large  parts  which  exceed  the  capability  of  existing  equipment.  On 
the  other  hand,  for  this  sort  of  application,  there  is  not  much  room  for  trial  and  error  pro¬ 
cess  development,  which  is  the  basis  for  practically  all  metal  forming  processes.  This  em¬ 
phasizes  the  necessity  of  being  able  to  predict  process  parameters  as  accurately  cs  possible, 
since  the  cost  of  errors  can  be  amortized  over  only  a  few  parts. 

There  are  other  advantages  of  explosive  forming  too.  The  charge  can  be  shaped  at 
will  to  provide,  the  pressure  distribution  that  is  best  su.tted  for  forming  a  given  shape  of 
part.  This  flexibility  does  not  exist  for  most  of  the  other  sheet  or  plate  forming  processes. 
Limited  evidence  exists  (l)  that  tlte  attendant  high  strain  rates  can  be  used  to  provide  in¬ 
creased  ductility  during  forming.  Care  has  to  be  taken  however,  to  avoid  excessive  strain 
rates  which  can  cause  a  decrease  of  ductility  (Fig.  £).  A  good  surface  finish  can  be  obtained 
on  the  formed  part  If  stand-off  operations  are  used  \inder  wav-.r;  i.e.,  if  the  charge  is  placed 
at  a  distance  from  the  metal  blank,  and  if  water  Is  used  as  the  energy  transfer  mediuir. 

The  present  major  drawbacks  to  explosive  forming  are  the  slowness  of  the  operation, 
the  variability  of  the  energy  release  from  the  explosive,  and  the  low  efficiency  of  the  process. 
The  first  problem  of  slowness  will  eventually  be  solved  by  the  use  of  properly  designed  qulck- 
reloase  lixtures.  The  variability  of  energy  release,  which  must  l^e  minimized  If  close  toler¬ 
ances  ai-e  to  be  held,  can  be  solved  by  the  careful  preparation  and  quality  control  of  the 
explosive  charge.  The  low  efficiency  which  has  been  measured  (2)  of  the  order  of  5-10^1,  is  a 
more  serious  problem.  Since  the  cost  of  explosives  Is  low,  not  too  much  attention  has  been 
paid  to  this  factor.  However,  the  large  percentage  of  unused  energy  {90-9%)  can  damage  the 
explosive  forming  pool,  die  and  fixtures,  and  the  facilities  must  be  designed  to  withstand  it, 
thus  adding  Indirectly  to  the  investment  costs.  Contact  explosives  have  been  used  for  the 
purpose  of  maximizing  the  efficiency  of  energy  transfer  to  the  blank.  The  attendant  problems 
of  blank  damage  have  been  partially  solved  by  using  low  velocity  explosives,  but  unfortunately 
they  show  large  variability  in  energy  release.  The  use  of  low  detonation  velocity  contact 
explosives  was  investigated  by  Savltt  (3)  using  nitroguanldlne  under  the  sponsorship  of  the 
Air  Force  Materials  Laboratory,  and  is  also  under  investigation  by  the  West  German  Defense 
Ministry. 

Other  techniques  for  increasing  the  efficiency  of  energy  transfer  are  emerging.  It 
has  been  shown  by  Johnson  (U)  that  the  use  of  an  air  cell  between  the  explosive  and  tl>e  blank 
in  imderwater  stand-off  operations,  will  substantially  Increase  the  efficiency  of  energy 
transfer.  Other  devices  exist  which  try  to  focus  the  energy  from  the  charge  on  to  the  blank, 
but  they  have  not  yet  been  exploited  (5).  ITie  growing  requirements  of  forming  large  diameter 
thick  shells  of  high  strength  steel  for  underwater  exploration  may  provide  the  required.  Im¬ 
petus  to  the  research  needed  to  improve  the  efficiency  of  energy  transfer  for  explosive 

forming.  .  ^  w  e 

The  main  hindrance  to  the  exploitation  of  exploelve  forplng,  however,  is  the  lack  of 

sufficient  knowledge  to  predict  all  the  required  process  parameters  without  resorting  to  trial 
and  error.  Without  this  knowledge,  it  will  not  be  possible  to  fully  exploit  the  potential 
economic  benefits  which  lie  in  the  limited  production  of  very  large  parts. 

2.  SCAUMG  LAWS  AND  SUBSCAUE  niOCESS  DEVEIOFMEW 

The  number  of  variables  governing  the  process  Is  relatively  large,  and  adequate  mathe¬ 
matical  models  to  express  their  interrelationships  are  still  being  developed 


It  full  scale  trial  and  error  were  the  only  vay  to  explosively  form  large  parts,  nolt 
of  the  potential  savings  froo  this  process  would  be  wiped  out.  However,  the  use  of  aub-scale 
models  to  provide  full  scale  data  is  a  well-known  engineering  technique  that  has  been  used  for 
many  years  In  ship  and  airplane  design.  Scaling  laws  sind  similitude  requirements  for  valid 
scale  model  work  In  explosive  forming  were  derived  by  the  smthor  at  the  Martin  Ccnq)any  (6,7,8). 
This  makes  It  possible  for  quick  and  Inexpensive  cut-and-try  process  devel<qmient  on  a  small 
scale  to  yield  results  that  can  be  applied  to  all  sizes. 

The  scaling  law  and  corresponding  similitude  requirements  that  must  be  observed  to 
ensure  validity  of  the  scaling  law  are  shown  below.  Tbfi  lecgth  scale  factor  Is  H. 

Scaling  Law;  Weight  of  f>ill  scale  charge  «  IPx  small  scale  charge. 

Similitude  Requirements: 

1.  Complete  geometrical  similitude  between  small  and  full  scale. 

2.  Same  blank  material  for  small  and  full  scale. 

3.  Same  explosive  type,  density  and  shape  for  small  and  full  scale. 

4.  Same  clamping  pressure  for  small  and  full  scale. 

5.  Same  coefficient  of  friction  between  blank  and  clamping 
restraints  for  small  and  full  scale. 

6.  Full  scale  spring  constants  for  die  clamps  and  supports  a  Mx 
small  scale  spring  constants. 

7.  Blank  material  must  not  be  appreciably  strain  rate  sensitive. 

8.  Mass  of  full  scole  die  »  H®x  mass  of  small  scale  die. 

9.  Same  vacuum  pressure  in  die  cavity  for  small  and  full  scale. 

It  Is  usually  difficult  to  provide  exact  geometrical  similltiule  between  model  and  full 
scale  explosive  forming  pools.  However,  satlsfadtUon  of  this  similitude  requirement  will  not  be 
necessary  If  the  full  scale  pool  is  large  enough  so  that  forming  is  conplete  before  the  shock 
wave  returns  to  the  die  after  being  reflected  off  the  walls  of  the  pool. 

Altnough  the  same  material  should  be  used  for  both  model  and  prototype,  there  may  be 
differences  in  the  stress-strain  relationship  between  model  and  full  scsle  material,  because 
the  model  will  lequlre  sheet  stock  and  the  full  scale  protot^e  may  require  plate  stock.  Since 
the  amount  of  explosive  required  is  proportional  to  the  strain  encrg>'  of  deform.,  ion,  the  modi¬ 
fication  to  the  charge  size  will  depend  on  the  relative  areas  under  the  stress-strain  curvea  of 
the  smc.ll  and  full  scale  blwiik  materials.  Experience  to  date  with  2014-0  aluminum  has  shown 
this  to  be  a  negligible  factor. 

Ductility  differences  between  the  model  and  full  scale  material  may  be  accounted  for 
in  the  following  manner.  If  the  model  material  is  the  less  ductile  of  the  two,  there  will  be 
no  scaling  difficulty  since  a  forming  process  that  is  successful  with  a  less  ductile  model 
material  will  certainly  be  succer.sful  with  a  more  ductile  full  scale  material.  However,  If  the 
model  material  Is  the  more  ductile  of  the  two,  care  must  be  taken  in  developing  the  process  to 
ensure  that  the  maximuii  strain  in  the  model  blank  is  kept  below  the  corresponding  allowable 
value  of  strain  for  the  full  scale  blank  material. 

The  friction  coefficlont  between  the  blank  and  its  clamping  restraints  should  be  the 
same  for  model  and  full  scale.  However,  If  the  clamping  pressure  Is  low,  this  requirement  need 
not  be  prcclBcly  met. 

The  vscuum  pressure  In  the  die  must  be  the  same  for  both  aaall  and  full  scale.  How¬ 
ever,  this  la  difficult  to  achieve  and  the  full  arale  vmcuuai  praaaure  tbould  be  at  most  less 
than  small  scale  value. 

Ttie  requirement  for  scaling  the  maas  of  the  die  la  important  only  If  It  is  a  light¬ 
weight  shock  mounted  die.  A  massive  rigidly  supported  die  need  not  obey  this  similitude  re 
quirement  precisely,  although  It  is  easy  to  do  to. 

If  the  material  is  strain  rate  aensitlre,  than  a^llcatloo  of  the  scaling  low  without 
modificatlor  will  overestimate  the  aisount  of  explosive  required  for  tbs  full  scale.  Even  If  a 
strong  enough  die  can  be  readily  provided,  this  does  not  avoid  tha  potential  problem  of  forming 
at  a  strain  rate  that  is  higher  than  necessary  (Fig.  2).  This  emphaslces  the  li^ortacce  of 
related  .'-esearch  on  tne  effect  of  high  strain  rates  am  metals,  so  that  the  necessary  corractiotts 
can  be  provided  to  the  scaling  law  for  strain  rate  aentltlve  materials. 


An  Illustration  of  the  use  of  scale  models  In  explosive  forming  Is  shoue  In  figure  3t 
The  1/5  scale  SKxlel  doaie  of  201U-0  aluminum  0.150  Inches  thick  vas  formed  with  a  single  shot  of 
0.2lh  pounds  of  Ccsiposltlon  A-3<  The  full  scale  doeie  of  2014-0  aluminum,  0.73  inches  thick  ws 
formed  with  26.8  pounds  of  Ccn^osltlon  A-3  In  a  single  shot  using  a  thin  shell  fiberglass  die. 
The  details  of  the  entire  process  were  trorked  out  on  the  1/5  scale  model. 

3.  THE  MSCHABICS  Of  EXPLOSIVE  FCBKIIC 

A.  Prediction  of  Blsmk  Deformation 

Many  attempts  have  been  made  to  set  up  and  solve  mathematical  models  for  predicting 
the  defonsatlon  of  metal  blanks  under  blast  or  isipulslve  type  loading.  The  incentive  for  some 
of  the  earlier  work  by  Cole  (9)  was  to  use  the  measured  deflection  of  a  metal  diaphragm  as  a 
gage  to  determine  the  explosive  pressures  and  Impulses  Incident  on  it.  Attempts  to  slsqpllfy 
the  mathematical  description  of  the  large  dynamic  plastic  deformation  of  a  blank  under  impul¬ 
sive  loading  were  made  using  the  concept  of  a  moving-plastic  hinge  and  a  rlgld-plastlc 
tnaterlal  (10,11,12). 

The  ansl^lcal  work  of  Enhamre  (13)  represents  a  theoretical  attempt  at  predicting 
the  response  of  a  circular  metal  plate  to  a  blast  pressure,  but  it  Is  limited  to  the  elastic 
range,  and  is  thus  of  no  value  for  explosive  metal  forming  predictions. 

The  limited  usefulness  of  these  theoretical  methods  and  their  unsatisfactory  agree¬ 
ment  with  experimental  results  led  to  a  much  more  thorough  analytical  and  experimental  Investi¬ 
gation  by  Wltmer,  et.  al.  (l4,15). 

Finite  difference  equations  were  derived  which  can  be  interpreted  as  the  represent¬ 
ation  of  a  lusped-parameter  model  consisting  of  ring  masses  connected  by  massless  frustra.  The 
thickness  of  the  blank  is  Idealized  by  2  discrete  layere  of  material  that  can  carry  nonsal 
stresses  in  planes  psirall^l  to  the  surface,  whereas  the  material  between  these  layers  cannot 
carry  normal  stress  but  has  infinite  shear  rigidity.  Each  layer  is  taken  to  be  elastic,  per- 
fectiy-plastic  with  a  strain  rate  dependent  uniaocial  yield  stress,  and  the  von  Mlses-Hencky 
yield  condition  and  flow  rule  are  used  to  solve  this  plane  stress  problem. 

The  finite  difference  equations  were  prograamed  for  solution  on  a  IBM  7094  digital 
computer.  Experimental  checks  eo  far  have  shown  that  a  proper  selection  of  the  magnitude  of 
the  strain  rate  dependence  of  the  material  will  yield  good  agreement  with  theoretical  predic¬ 
tions.  However,  this  computer  program  is  very  expensive  to  run,  and  the  programmed  boundary 
conditions  do  not  represent  the  flow  of  the  flange  material  into  the  die  cavity,  which  has  a 
profound  effect  on  the  formabllity  limits. 

The  desire  to  provide  a  slimier  rasthematlcal  model  and  coaq)uter  program  better  adapted 
to  the  needs  of  explosive  metal  forming  led  to  the  work  by  Boyd  (16)  and  Thurston  (17),  which 
Includes  the  effect  of  edge  pull-ln  of  the  blank  Into  the  die  cavity.  Boyd  (16)  makea  the 
following  assumptlone  to  cosw  up  with  sli^pllfled  equations  of  motion  In  an  effort  to  obtain 
meaningful  answers  with  a  mlnhaum  of  computations: 

1.  -dMal  1  finite  deflection  theory  is  used  in  the  dorivetlon.  This 

ascusmtion  la  the  a»st  restrictive  one  and  limits  the  validity  of 
the  results  to  shallow  draw  depths. 


2.  Bending  strains  are  neglected  to  give  a  membrane  theory. 

3.  Badlel  inertia  terms  are  neglected  In  the  equations  of  motion. 


4,  Elastic  strains  are  neglected  compared  to  plastic  strain  cos^po- 
nenta,  ix  fomvation  theory  of  plasticity  is  used  with  a  power 
law  effective  stress  -  effective  strain  relation  for  the  material 


as  follows: 


= 

r  X  riH. 

where?',  the  effective  stress  -  ^  I 

I  .  '  .U  effective  strain  f  ^ 

tho  ra.1ial  strain 

£,  the  oircumforentlal  strain  or~55op  strain  • 

•  A 
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u  •■  the  radial  displacement  of  a  point  on  the  blank 
w  «  the  vertical  dlaplace-.ent  of  a  point  on  the  blank. 
The  e'iiuatlons  of  motion  are  as  follows; 

€ 


where 


p  •  pressure  normal  to  the  blank  surface. 

^  «  density  of  blank  material, 
r  «  radial  distance  froa  center  of  blank, 
t  «  time. 

Beplacing  the  strain  terms  in  the  equations  of  motion  by  their  relationship  in  terms  of  u  and 
V  we  get  tvo  non-linear  partial  differential  equations  with  u  and  w  as  t)w  unknowns. 
Thurston  (I?)  uses  Hewton' a  method  in  getting  a  nmierical  solution  to  the  equations  of  motion, 
using  specified  amounts  of  e&ge  pull-ln.  A  typical  example  of  the  results  he  obtains  is  shown 
in  Pig.  b,  taken  from  (l7). 

It  is  dif.  :oult  to  compare  theoretical  predictions  of  blank  deformation  with  experi¬ 
mental  results  because  of  the  uncertainty  in  specifying  the  pressure-time  history  of  the  ex¬ 
plosive  pressure  on  the  blanks.  Published  results  on  pressure-time  histories  and  impulies  from 
vmderwatcr  explosions  (9}  are  based  on  free  field  taeasurenents.  The  motion  of  the  blanks  causes 
a  rarefaction  wave  to  move  off  its  surface  which  in  turn  interacts  with  the  pressure  pulae. 

Tnis  rarefaction  wave  can  be  strong  enough  to  cause  cavitation,  and  this  has  been  observed  in 
some  high  speed  photographs  of  blank  motion  (I8),  It  is  also  possible  that  the  gas  bubble  from 
the  underwater  explosion  can  contribute  to  the  forming  operation.  Another  coiq)llcatioo  is  the 
effect  of  water  head.  Johnson  has  shown  (19)  that  the  bead  of  water  above  a  charge,  strongly 
influences  the  efficiency  of  the  energy  transfer. 

Another  uncertainty  underlying  the  analytical  prediction  of  blank  deformation  la  the 
unknown  constitutive  equation  of  the  blank  material  at  high  strain  rates.  It  has  been  estab¬ 
lished  by  many  investigators  that  the  stress-strain  relationships  of  metsls  at  high  strain  rates 
differ  from  those  obtained  at  slow  strain  rates.  Quantitative  results  for  stress-strain  rela¬ 
tionships  at  the  high  strain  rates  characteristic  of  explosive  forming,  are  lacking,  and  it  la 
not  known  wtiethcr  the  pla;tic  strain  energy  of  deformation  for  large  stralnr  differs  markedly 
at  high  strain  rates  from  tlw  corresponding  values  at  low  strain  rates.  Wlttaer  (ll«,i;)  shows 
that  good  agr?  "sent  between  theory  a»l  experiment  can  be  obtained  with  properly  chosen  nuamrical 
values  for  the  strain-rate  effects.  The  strain  ratea  characteristic  of  the  explosive  forming 
process  can  rarce  fr^mi  IW  to  1000  aec“l .  It  is  quite  difficult  to  determine  experimentally 
stress-strain  relationships  at  these  strain  rates,  though  sctlve  research  le  being  conducted 
in  this  area.  It  can  be  seen,  therefere,  that  considerable  proge~tj  needs  to  be  made  towards 
predlctliw;  pressure-time  hi:  torles  on  explosively  formed  blsmks  and  towards  specifyir^  bl-axlal 
stress-strain  relationships  at  high  8t;«in  rates  before  conclusions  can  be  drawn  regarding  the 
validity  of  any  one  method  of  predicting  blank  deformations.  A  first  st^  should  be  made  by 
conducting  a  carefvLlly  controlled  set  of  experiments  where  metal  blanks  of  materials  which  are 
not  appreciably  strain-rate  sensitive  are  deformed  under  iapulslve  loads  which  have  a  duration 
tljat  is  short  ocssparH  to  ttiv  duration  of  blank  siotion. 

B.  Formabillty  Limits. 

formablllty  limits  provide  advan-e  information  on  td.ethcr  a  blank  of  a  particular 
material,  slie,  and  thickness  can  be  explosively  formed  to  t  desired  shape  without  fall'ire. 

To  understsuxl  and  control  the  factors  governing  foraabllity,  the  failure  modes  must  be  de¬ 
fined  and  understood.  Thc>^  are  three  failure  modes:  tearing,  buckling  and  uneven  pull. 
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The  tearing  mcxie  of  failure  is  shown  in  Pig.  5.  This  occurs  when  the  maximum  strain 
exceeds  the  ultimate  elongation  of  the  material.  Actually,  the  uniform  elongation  or  the  strain 
at  onset  of  necking,  is  a  much  more  useful  criterion  for  metal  forming.  At  present  time,  it  is 
not  possible  to  predict  this  value  for  a  given  material  under  explosive  forming  conditions  from 
the  results  of  a  conventional  uniaxial  tensile  test  at  a  low  rate  of  strain.  The  strain  at 
onset  of  necking  depends  on  the  state  of  stress,  the  rate  of  strain,  and  possibly  even  the 
magnitude  and.  duration  of  the  forming  pressure.  The  effect  of  strain  rate  on  uniform  elongation 
is  shown  in  Fig.  2,  and  it  can  be  seen  that  both  decreased  and  Increased  ductility  can  be  ob¬ 
tained,  depending  on  the  strain  rate.  The  ability  to  predict  the  strain  rate  is  therefore  a 
valuable  asset,  and  this  provides  yet  another  Justification  for  research  in  the  analytical  pre¬ 
diction  of  blank  deformation.  The  ability  to  predict  ductility  under  a  biaxial  stre.ss  state 
from  the  results  of  a  uniaxial  tensile  test  is  a  universal  metal  forming  problem,  not  restricted 
to  explosive  forming  alone.  Equating  the  octahedral  shear  stress  in  a  uniaxial  test  specimen  at 
the  onset  of  necking  to  the  octahedral  shear  stress  in  a  one-to-one  blaxiiil  stress  state  will 
gl’'e  a  predicted  value  of  surface  strain  at  onset  of  necking  that  is  one  half  the  uniaxial  value. 
There  is  much  experimental  evidence  (19)  to  show  that  more  ductility  is  obtained  in  the  biaxial 
deformation  of  sheet  metal  rather  than  less.  The  theoretlcail  predictions  of  biaxial  ductility 
from  uniaxial  values  in  reference  (19)  show  better  agreement  wit:  experimental  results,  but  the 
theoretical  basis  of  these  predictions  is  not  rigorous,  Vihat  is  needed  is  the  ability  to  pre¬ 
dict  accurately  the  biaxial  ductility  from  measurements  of  uniaxial  values,  as  a  function  of 
state  of  stress  and  strain  rate.  If  the  duration  of  the  explosive  pressure  is  comparable  to  the 
duration  of  forming,  it  is  conceivable  that  the  Bridgman  effect  of  increased  ductility  under 
high  hydrostatic  pressure  could  occur.  This,  however,  is  a  speculation  and  conclusive  experi¬ 
ments  have  yet  to  be  conducted.  There  is  some  basis,  however,  for  this  speculation  in  the  recent 
unpublished  resulis  of  explosive  forming  work  at  the  Technical  Metal  Working  Institute  in  Holland 
by  van  Haly,  and  similar  experiments  at  the  MAK  Co.  in  Kiel  by  Bemltz.  They  found  In  metal  form¬ 
ing  experiments  with  contact  explosives,  that  high  detonation  velocity  explosives  ruptured  the 
metal  blanks  wtiile  low  detonation  velocity  explosives  formed  them  successfully. 

The  buckling  node  of  failure  is  shown  in  Fig.  6,  and  occurs  when  the  blank  is  too  thin 
for  the  diameter  of  part  to  be  formed.  With  an  increase  of  blank  thickness,  buckles  in  the  part 
may  disappear,  while  wrinkles  remain  in  the  fUnge.  Thla  is  shown  in  Fig.  7.  for  deeper  draws 
the  flange  wrinkles  will  in  turn  lead  to  uneven  draw  of  the  blank  as  shown  in  Fig.  8. 

Flange  wrinkling  can  be  eliminated  by  increasing  the  stiffness  and/or  hold  down  pres¬ 
sure  of  the  clamps.  However,  even  though  flange  wrinkling  can  be  cured  by  this  method>  InsU- 
blllty  or  uneven  draw  can  still  occur  as  shown  In  Fig.  9. 

Until  satisfactory  raathematlcfO.  models  become  available  for  prediction,  these  problems 
can  be  avoided  by  the  experimental  construction  of  formabllity  ’.i-lts  using  sub-scale  models. 
Examples  of  formabllity  limits  developed,  using  sub-scale  models  are  shown  in  Figures  10  to  I6, 
for  the  following  six  materials:  201U-0  aluminum  alloy,  7039-0  alatiinum  alloy,  I8  percent  Hi 
Maraging  steel,  12Nl-^r-^o  pealed  Managing  steel,  9Ri-UCo  Annealed  Managing  steel,  annealed 
d6AC  steel.  (These  are  taken  frcei  unpublished  results  of  the  Martin  Company  under  AF  Contract 
AF  33(615)3167,  Advanced  Explosive  Forming  Processes,  sponsored  by  AF  Materials  Laboratory, 

Wright  Field). 

These  formabllity  lisilt  evu-ves  ai-e  used  as  follows.  All  points  below  the  curves  re¬ 
present  cooibinetlons  of  draw  depth  ratios  and  die  diameter  to  blank  thickness  ratios  that  can  be 
successfully  formed  without  buckling,  tearing,  or  instability,  provided  the  charge  is  centered 
careful.ly,  and  a  stand-of:*  distance  of  I/6  the  dlsweter  01  the  die  opening  is  used.  Whllf  TTT 
was  used  to  develop  these  curver,  they  are  not  restricted  to  this  explosive,  since  rormabllity 
is  much  more  heavily  dependent  on  material  properties  and  geaietry.  The  formabllity  limits  for 
20l!»-0  aiumlmsn  were  Jcvclopcd  using  a  clamping  arrangement  that  was  not  very  stiff  aud  rallanee 
was  therefore  placed  on  holddown  pressure.  When  this  curve  Is  used  for  a  different  site  of  die, 
care  must  be  taken  to  keep  the  value  of  the  parameter  fVC'*  the  same  for  s.^  die  sizea,  where  f 
is  the  total  clamping  force  on  the  flange,^  Js  the  ylel-*  stress  of  the  blank  material,  and  D 

is  the  diaaeter  of  the  die  opening.  .... 

The  remalniiwi  formabllity  llfilt  ourrea  (Figures  11- 16)  were  developed  using  a  die  with 
a  sU  inch  dlareter  operlng  and  a  very  stiff  clamping  arrangement.  When  applying  these  reaulta 
to  different  sire  of  die,  care  must  be  taken  to  scale  up  the  clamp  stiffness  shom  In  the  figures 
by  trm  factor  1/6  x  diameter  of  the  die  opening  in  inches.  The  claa*plng  force  should  be  scaled 
up  by  the  aqua.'e  of  this  factor.  For  example,  e*12  inch  dlesleter  die  wlU  require  a  cla^?  stiff¬ 
ness  which  is  twice  as  stiff  and  a  holddown  force  four  timesfas  great  as  the  value  shown  In  these 

figures.  .  .  ,r 

The  cfwblnatlona  of  clamp  itiffneas  ajKl  holddown  force  shown  in  Figures  11  to  16  are 
not  unique,  .^lffe>■ent  combinations  of  ciasg)  stiffness  and  holddown  pressure  may  be  found  that 
vil-  maintain  formabllity.  In  general,  a  lower  clamp  stiffness  will  require  increased  holddown 
force  to  prevent  flange  wrinkling  stvi  vice-versa.  The  advantage  cf  using  high  clamp  stlffhsss 
and  low  hold  icwn  force  is  that  the  I  lank  material  will  flow  more  easily  into  ths  die  opanlhg. 


At  the  present  time,  the  fastest  and  surest  way  to  determine  required  clamp  stiffness 
and  holddown  force  is  by  means  of  carefully  scaled  model  tests.  The  same  is  true  for  finding 
the  minimum  blank  width  to  diameter  ratio  (B/D)  to  ensure  against  uiieven  blank  pull. 

In  general,  it  can  be  said  that  if  flange  wiinkling  occurs,  it  can  be  prevented  by 
either  increasing  the  blank  thickness,  or  increasing  the  stiffness  (or  number)  of  holddown 
clamps.  If  uneven  pull  occurs,  use  a  larger  blank,  or  decrease  the  stand-off  distance,  i.e,, 
the  distance  between  the  charge  and  the  blank.  The  latter  method  stretches  the  blank  more  during 
forming,  and  hence  pulls  it  in  by  a  lesser  amount. 

4.  EffBCT  CW  EXPLOSIVE  t’OBMIWG  ON 

MATES  m  BEHAVIOR 


The  high  pressure  and  strain  rates  that  occur  in  the  explosive  forming  process  can 
cause  the  material  to  behave  differently  during  forming,  and  can  change  the  material  properties 
permanently  aiterwarda. 

The  effect  of  velocity  of  deformation  on  material  ductility  is  illustrated  in  Fig,  ?. 
It  can  be  aeen  that  both  increased  ductility  and  decreased  ductility  may  be  caused  by  the  velo¬ 
city  of  forming,  and  that  it  is  possible  to  exploit  the  former  while  avoiding  the  latter. 

Permanent  changes  in  material  properties  can  also  be  brought  about  by  explosive  de¬ 
formation.  bike  ductility,  they  can  be  either  adverse  or  beneficial.  The  susceptibility  of 
explosively  formed  parts  to  stress  corrosion  has  been  questioned.  Work  done  by  C.  A.  Verbraak 
(21)  shows  that  explosively  formed  stainless  steel  exhibits  an  increased  •■••ceptibility  to 
stress  corrosion.  Investigations  conducted  by  the  Hational  Aeronautics  and  Space  Administra¬ 
tion's  Marshall  Space  Flight  Center  at  Huntsville,  Alabasui,  show  increased  stress  corrosion  in 
explosively  formed  3II  stainless  steel,  but  no  increase  in  stress  corrosion  in  explosively 
formed  20l4  and  2219  aiuminuni  alloys.  Reaults  of  Mart-*^  Cenpany  in'/e  a  tigat  ions  have  shown  no 
adverse  stress  corrosion  effects  in  explosively  formed  2014-0  aluminum  alloy. 

Some  recent  work  by  Verbraak  at  tne  Technical  Metalworking  Institute  in  Holland 
suggesta  that  most  of  the  microstructural  damage  leading  to  increased  si  reas  corrosicxi  is 
caused  by  impact  of  the  blank  with  the  die  surface.  His  experiments  show  a  decrease  in  sus¬ 
ceptibility  to  stress  corrosion  wtien  #  plastic  die  rather  than  a  steel  die  is  used. 

Without  testing,  there  is  not  eno'igh  Information  to  predict  wtietlier  a  particular 
material  will  suffer  Increased  strese  corrosion  after  being  explosively  formed.  In  view  of 
the  present  state  of  knowledge,  einy  load-bearing  pvt  formed  by  either  conventional  methoda 
or  oy  explosive  forming  should  be  checked  to  determine  its  realrtance  to  stress  corrosion. 

Good  expiosl ve-foming  practice  requires  a  minimum  amount  of  explosive  to  form  a  part,  and 
subscale  process  development  makes  it  possible  to  determine  the  minimum  amount  needed. 

Larger  amounts  of  explosives  than  necessary  may  still  form  the  part  to  the  required  disMtn- 
slons  arul  lolcraiices,  I  ut  will  most  certainly  cause  oicroatructural  damage. 

The  explosive  forming  process  can  Increase  the  strength  of  the  a»terlal  being  formed. 
Results  of  experiment'  on  ,o0l4-0  al-j.-slnum  at  the  Martin  Comi>any,  shew  that  the  material  after 
fonsing,  solution  heat  treating  and  aging  to  the  T-o  condition,  exhibits  strengths  about  5^ 
higher  than  normal.  Rormal  standoff  forming  operations  under  water  provide  Incident  pressures 
of  the  order  of  100, OCX)  psi,  whereas  the  use  of  contact  exploalves  will  raise  this  pressure 
level  by  sn  order  of  magnitude.  At  these  higher  levels,  tnere  is  a  much  more  pronounced 
slrcngthenlin;  and  hardening  effect  ant  the  existing  resuits  of  shock  hardening  research  vtilch 
have  been  done  at  these  nlgher  levels,  aiay  prove  applicable. 

5.  CHOICE  or  EXPLOSIVE 

Tlw  decired  qualities  in  an  explosive  used  for  metal  forming  are  the  following: 

a.  Tlie  ■'xpionive  3ust  be  safe  during  handling  s,.J  placing. 

P,  The  energy  released  should  be  consistent,  I.e.,  all  charges  of  the  tame 

welpht  Khouid  release  the  seme  energy  detonation, 

c.  It  Should  be  able  to  hold  Its  shape  without  the  necessity  of  enclosing 
It  in  a  container,  since  the  fragjaentatlon  of  a  container  disturbs  the 
urilformlty  of  the  'hock  wave  and  may  cause  the  aetal  blank  to  draw  In 
a  non-uni  form  manner. 

d.  The  charges  should  not  absorb  ^isture  and  should  not  deteriorate  under 
exposure  to  dire.-t  sunlight  over  a  period  of  at  least  four  hours. 

e.  It  must  be  possible  to  press  .t  cr  cast  It  to  a  consistent  density. 
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f. 


The  charge  should  not  ahaorh  moisture  and  should  detonate  readily 


g.  The  charge  should  be  Inexpensive. 


h. 


i. 


The  charge  should  be  readily  available,  i.e., 
B,  S'tand&pd  brand  of  explosive* 


Bhoxild  preferably  be 


It  should  be  possible  to  detonate  it  readily  under  water  with  a 
blasting  cap  alone,  without  the  necessity  of  adding  a  booster  to 
initiate  detonation* 


rae  first  Md  last  requirements  tend  to  be  contradictory  since  the  harder  a  charge  Is  to  detonate. 

explosives  that  meet  all  the  above  requirements  are  pentollte  and  Co^osi* 

.  ®  ««3vantage  of  Composition  A-3  is  that  it  can  be  pressed  to  a  consistent  den^y  at 

10,000  psx  under  vacuum.  Small  scale  charges  can  be  readily  made  up  on  demand  to  any  size  re¬ 
quired.  However,  it  requires  a  large  press  and  elaborate  facilities  for  preparing  large  charges. 
Pentollte  on  the  o\her  hand  can  be  readily  cast  to  a  consistent  density  in  large  charges  without 
elaborate  faeilltleii.  However,  it  must  be  cast  hot,  and  it  is  quite  sensitive  and  therefore 
dangerous  to  handle  while  molten.  Small  scale  charges,  therefore,  cannot  be  readily  cast  to  any 
required  size  without  some  delay. 


It  may  be  that  the  newer  cold  cast  explosives  that  are  becoming  available  may  combine 
the  advantages  of  both  pentollte  and  Composition  A-3.  This  has  yet  to  be  investigated. 

Composition  C-U  has  been  used  to  explosively  form  large  domes,  such  as  the  end- 
closures  for  Sea  Lab  H,  However,  It  is  practically  impossible  to  control  the  density  of  this 
charge,  end  hence  expect  a  consistent  energy  release.  It  must  also  be  enclosed  in  a  container, 
\dilch  then  disturbs  the  uniformity  of  the  shock  wave  when  it  shatters,  tending  to  cause  a  non- 
uniform  draw. 


Prlmacord  has  been  extensively  used  In  explosive  forming.  However,  it  is  not  well 
suited  to  the  assembly  of  large  charges  (20  pounds  or  more)  and  is  difficult  to  position 
accurately.  When  explosively  forming  domes,  a  ring  of  prlmacord  causes  much  more  metal  stretch 
at  the  center  than  an  equal  amount  of  the  identical  explosive  placed  centrally  over  the  metal 
blank. 


When  small  scale  models  are  used  to  develop  the  process,  the  ia5>ortance  of  not  having 
to  use  a  booster  along  with  a  cap  for  detonation  becomes  readily  apparent,  since  the  contribu¬ 
tion  of  the  booster  and  cap  to  the  total  energy  release  from  the  small  scale  charge  is  not 
negligible.  This  causes  inaccuracies  when  scaling  up  to  the  full  size  charge. 

It  is  therefore  not  possible  at  the  present  time  to  say  what  the  "best"  choice  of 
explosive  is  for  metalworking.  Future  experience  will  narrow  down  the  choice,  and  it  may  well 
be  that  the  choice  of  a  particular  explosive  will  be  related  to  the  type  of  metal  it  is  required 
to  form. 


6.  THE  EFFECT  OP  STAHD-OFF  DISTABCE 

The  distribution  of  incident  pressure  on  the  blank  strongly  Influences  the  ease  of 
forming  and  the  efficiency  of  the  process.  It  can  be  varied  by  changing  the  shape  of  the  ex¬ 
plosive  charge  or  by  changing  the  stand-off  distance. 

The  stand-off  distance  is-  the  easiest  thing  to  alter.’  The  effect  of  stand-off  dis¬ 
tance  on  the  free  formed  shape  of  a  metal  blank  is  shown  in  Fig.  17.  The  effect  of  stand-off 
distance  on  the  magnitude  and  distrlhution  of  radial  strains  is  shown  in  Figs.  18  and  19.  It 
will  he  seen  that  an  L/D  ratio  of  0.25  will  produce  the  lowest  and  most  uniform  distrlbutlcm 
of  radial  strains,  and  the  lowest  circumferential  strain  for  most  of  the  formed  part.  However, 
there  is  a  correspondingly  large  edge  puii-in  which  can  cause  the  blank  to  draw  unevenly..  An 
L/D  ratio  of  1/6  produces  strains  that  are  almost  as  low,  but  pulls  in  the  blank  much  less, 
thus  avoiding  problems  of  uneven  pull.  A  stand-off  distance  ratio  of  l/6  is  a  good  coinj)ro- 
mist  value  to  use  for  explosive  forming  operations. 

7.  DIES  FOR  EXPLOSIVE  FCSMIW3 


In  the  explosive  forming  process,  matched  male  and  femalq  dies  we  not  necessary.  A 
female  die  alone  will  d’o  the  job,  with  the  incident  shock  wave  from  the  explosive  acting  as  the 
male  die.  Many  kinds  of  dies  have  been  used  in  explosive  forming,  male,  female  and  open  bottom 
dies  (Fig.  20).  The  open  bottom  dies  are  good  research  tools  permitting  an  observation  of  the 
blank  deformation  process  under  the  action  of  the  Incident  shock  wave.  Male  dies  are  less  fre¬ 
quently  used  because  explosive  forming  Is  usually  done  under  water,  and  the  blank  must  be  free 
to  deform  the  die  contour  without  resistance  tc  motion  which  would  he  caused  by  water  between 
the  blank  and  the  die. 
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Female  dies  are  generally  uaed  since  the  die  cavity  can  easily  be  evacuate  f usual  iw 

“  f  "T  ”*>  “ ‘I” 

Dies  far  explosive  forming  have  been  made  of  many  different  kinds  of  materiai  Omi* 

is  shlro  in  ?i^ ’21!  ®  ^  yiberglas,  and  steel  die 

holdd^  mechanism  Is  extremely  important  since  it  has  to  ensure  uniform  draw, 
avoid  buckling  in  the  flange  and  at  the  same  time  peimit  the  blank  material  to  flow  into  the 

previously.  Hydraulic  ioSdS^-tr^pSu. 

Z  ^  pressures  they  can  exert.  They  are  expensive,  and-  the 

h^raulic  fluid  lines  have  to  be  protected  from  blast  wave  pressures.  Bolts  and  C-clamps  are 
Cheaper  and  do  not  need  much  protection  from  the  explosive  pressures.  On  the  otter  hand,  the 
clampteg  forces  they  can  provide  are  restricted  and  they  require  considerably  longer- time's  for 
release.  In  either  case  general  analytical  relationships  between -the; required 
stiffness  of  holddown,  clamping  pressure,  material  thickness  and  material  properties  have  yet 
to  be  established.  Limited  enqiirical  data  have  been  derived  from  previous  experience  Mid 
knowledge  is  steadily  increasing.  v" 

The  die  is  the  largest  single  item- of  expenditure  in  the  explosive  forming  process, 
and  an  overdesign  can  cancel  the  potential  economic  benefits.  On  the  other  hand,  the  die  must 
obviously  be  strong  enough  to  serve  its  purpose. 

At  the  present  time  a  cociplete  satisfactory  set  of  design  criteria  for  explosive 
forming  dies  does  not  exist.  Partial  criteria  have  been  developed  based  on  the  modes  of 
failure  that  have  been  experienced  and  they  are  presented  here. 


1.  Sharp  corners  must  be  avoided.  Oblique  shock  waves  in  the  body  of  the 
die  reflect  off  the  die  boundaries  as  rarefaction  waves.  'If  two  rare¬ 
faction  waves  intersect  in  a  corner,  failure  will  result.  This  is 
shown  schematically  in  Fig.  22, 


2.  Most  die  failures  have  occurred  vdth  the  final  sizing  shot,  when  the 
blank  has  almost  conformed  to  the  die  surface,  and  therefore  cannot 
provide  much  cushioning  action  against  the, shock.  A  limit  therefore 
has  to  be  set  on  the  maximum  sizing  shot  permitted  in  a  die.  This  has 
to  be  determined  on  the  basis  of -how  much  explosive  charge  can  be  de¬ 
tonated  inside  the  die  cavity  without  die  failure  and  without  relying 
on  the  cushioning  action  of  the  blank.  Scale  model  tests -to  destruc¬ 
tion  are  perhaps  the  most  reliable  way  of  doing  this ,  or  approximate 
analyses  using  pressures  and  ir5)ulses  given  by  standard  eiiq)irical 
formulae  for  underwater  explosions. 

3.  If  the  die  is  a  lightweight,  thin  shell,  spring  and  daoq)er  mounted 
die  (as  in  Fig.  21),  the  shell  enclosing  the  die  cavity  can  bucifle 
under  the  water  pressure  caused  by  movement  of  the  die  through  the 
water.  Also,  in  this  case  the  bolts  connecting  the  thin  shell  djic 
body  to  the  draw  ring  may  be  sheared  due  to  shell  deformation  caused 
by  this  water  pressure.  A  thin  shell  buckling  analysis  is  therefore 
necessary.  The  design  philosophy  behind  this  kind  of  a  die  is  that 
it  merely  keeps  the  water  out  of  the  way  to  permit  the  metal  blank  to 
deform  freely  under  explosive  forces.  With  this  kind  of  a  die,  it  is 
therefore  mandatory  to  shape  to  Incident  shock  wave  so  as  to  bring  the 
blank  to  its  final  shape  with  the  very  minimum  impact  of  the  blank  on 
the  siu:face  of  the  die. 


Nevertheless,  the  inqiact  of  the  blank  on  the  thin  shell  die  is  another  source  of  die 
failure,  and  the  die  must  be  designed  to  withstand  this  force.  Because  of  the  conqplexities  in 
the  Analyse?,  the  most  practical  method  at  the  present  time  is  to  design  the  die  experimentally 
on  f  gmaii  scale,  relj/^ing  on  a  cut-and-try  proce^dure  to  arrive  at  a  configuration  that  works. 
The  resulting  dimensions  and  details  can  then  be  scaled  up  any  size  with  confidence. 

9.  EXPLOSIVE  FOBMIHG  POOLS 

Water  is  a  much  more  efficient  energy  transfer  medium  than  air.  Since  it  is  cheap 
and  readily  available,  it  is  the  most  popular  medium  in  the  practice  of  explosive  forming. 

Any  body  of  water  will  be  a  satisfactory  pool  f6r  explosive  forming,  provided  it  is 
large  enough  or  tes  strong  enough  walls  so  that  the  shock  wave  from  the  exploding  charge  will 
not  damage  them. 
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have  h  ■•■n  a^ed  d  JUe  ov  .n  t,;;  '.-xf  As '  vr.  :  i  ■?*■?  ;  v  -  nvj-ic-  r  o: 

-W/iknies,  e,g.,  North  Ameriven  A^iiitior.,  Aer.j.je'  General,  The  Marshall 
.'kheKii.  In  these  cases,  rlie  walls  hate  'to  be  strong  enough  to  withstand 
the  ret  tec  Led,  shock*  ur  ingenious  tee>iniques  such  as  a  bubble  ourlain  have  been  use  i . 

The  bubble  curtain  concept  was  originated  by  Lockheed,  and  has  also  been  uSed  by  the 
Martin  Company  and  the  MarsViall  Space  Flight  Center.  It  consists -of  an  annulus  made  of  a  per¬ 
forated  pipe,  surrounding  the  die,  or  p.laced  at  the  walls  of  the  cylindrical  pool,  A  stream  of 
ccniprusaed  air  is  pumped  through  the  pirforation.  The  resulting  bubble  curtain  attenuates  the 
shock  wave  as  it  passes  through  the  bubble  curtain  V  its  way  to  the  walls  of  the  pool. 

Another  technique  for  reducing  the  strength\of  the  reflected  shock  is  to  use  sloping 
walls  as  shown  in  the  Martin  Company  Explosive  Forming ^ool  in  lig.  23.  This  pool  is  105  feet 
in  diameter  and  is  30  leet  deep  in  the  middle.  A  dolly  W  an  inclined  track  lowers  the  explo¬ 
sive  forming  die  to  the  top  of  tile  concrete  pad  at  the  bottom  of  the  pool.  A  bubble  curtain  in 
the.  form  of  a  perforated  pipe  surrounds  the  draw  ring  of  the  die.  A  26.8  pound  explosion  of 
Comp’isiti.on  A-3  in  this  pool  is  shown  in  Fig.  2h.  This  explosion  was  used  to  form  a  10  foot 
diameter  dome  of  20X4-0  aluminum  with  an  ellipsoidal  shape  to  draw  a  depth  ratio  of  0.39. 

The  Inclined  walls  of  this  pool  are  made  of  six  inch  thick  reinforced  concrete  with  a 
rubber  membrane  over  its  surface.  However,  a  pool  of  comparable  size  (80  feet)  has  been  used  by 
Lockheed,  with  sloping  dirt  walls  lined  with  a  waterproof  membrane  of  polyethylene.  A  charge  of 
14  pounds  of  RDX  primac^.rd  has  been  fired  in  the  Lockheed  pool  with  no  adverse  effects. 

The  San  Frahtfiscer Naval  Shipyard  has  used  San  Francisco  Bay  as  an  explosive  foimlng 
pool,  A  hundred  pound  cha^-ge  of  Composition  C-4  was  used,  to  form  the  12  foot  diameter  steel  end 
closure  of  Sea  Lab  II  in  aymassive  concrete  die,  which  was  suspended  by  a  crane  over  the  end  of 
a  pier. 

I  It  can  be  seen,  therefore,  that  explosive  forming  pools  can  take  many  forms,  the  only 

rec^irement  being  that  they  withstand  the  force  of  the  explosive  charge  without  damage.  It  is 
important  to  be  able  to  predict  this,  and  design  criteria  need  to  be  developed  relating  the 
explosive  charge  In  the  pool  to  the  structural  characteristics  of  its  walls. 


Spa” 


9-  APPLICATIONS  OF  EXPLOSIVE  FORMING 

Used  in  the  proper  places,  explosive  forming  is  a  powerful  and  economical  extension  of 
conventional  metal  forming  processes.  Many  useful  applications  have  been  found  for  it,  and  a 
number  typical  examples  are  shown  in  Figs.  25-29. 

10.  RECOMMENDATIONS  FOR  FUTUPJ;  RESEARCH 

Research  is  more  important  to  the  future  of  explosive  forming  than  perhaps  for  ar.j 
other  high  energy  rate  forming  process,  but  not  because  it  is  more  complicated.  It  is  because 
the  greatest  potential  economic  benefits  occur  in  the  forming  of  the  largest  size  of  parts  - 
where  the  fewest  mistakes  can  be  tolerated  for  economic  reasons.  Large  parts  can  be  undertaken 
today  most  economically  on  the  basis  of  small  scale  cut-and-try  process  development  with  extra¬ 
polation  to  full  scale  by  means  of  scaling  laws.  However,  in  order  to  optimize  the  process  It 
is  necessary  to  be  able  to  predict  theoretically  the  ITill  scale  process  parameters  and  the  costs 
ifalrly  accurately. 

^  A  summary  is  provided  below  in  tabular  form  indicating  the  research  problems  that  need 

to  be  undertaken,  and  their  relationship  to  the  different  parameters  of  the  explosive  forming 
process.  Some  of  the  research  programs  are  already  under  way,  e.g.,  items  5,  6,  7,  13,  at  the 
Center  for  High  Energy  Forming  at  Denver,  Colorado,  a  joint  effort  between  the  University  of 
Denver  and  the  Martin  Company,  sponsored  by  A.R.P.A.  (Advanced  Research  Projects  Agency)  and 
monitored  by  U.S.  A.M.R.A.  (United  States  Army  Materials  Research  Agency).  Most  of  these  re- 
sdarch  problems  apply  equally  well  to  all  types  of  high  energy  rate  forming,  the  major  excep- 
tipns  being  items  1,  2,  3  and  4. 

I  A  coordinated  reseeu-ch  program  as  summarized  in  the  table,  advancing  simultaneously 

onlall  fronts,  would  reduce  explosive  forming,  before  too  long,  to  a  routine  predictable  manu- 
fadturing  process, 

I 

I 

I 
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SWMARY  OF  NECESSARY  RESEARCH  AND  DEVELOPMENT  PROBLE24S 
RELATED  TO  PROCESS  PARAMETERS  F(»  HIGH  ENERGY  RATE  FCRMING 


Energi'  Humber  of  Design  of 

Requirements  Shots  and  Determination  Dies  and 

Research  and  Development  Type  -  Size  -  Intermediate  of  Format illty  Accessory  Pool  Economics 

Shape  Anneals  Limits  Equipment  Requirements  of  Process 


1.  Consistency  of  Energy 
Yield 


X 


X 


2.  Prediction  of  Pressure 
Time  History  on  Moving 

Blank  X  X 


3.  Increased  Efficiency  of 

Energy  Transfer  X 

k.  Effect  of  Hater  Head  on 

Energy  Transfer  X 

5.  Effect  of  bi-axlal  stress, 
high  strain  rates  and 
pressures  on  ductility  of 
metal  blank 

6.  Prediction  of  large  dy¬ 

namic  plastic  deformation 
of  blanks  with  moving 
boundaries  X 


X 


XXX 


X 


X 


7.  Stress-strain  relation¬ 
ships  at  high  strain  rates  X  X 

8.  Prediction  of  Spring  hack  X 

9.  Analysis  of  flange  wrinkling  X 

xO.  Analysis  of  blank  buckling  X 

11.  Analysis  of  blank  instability 


(uneven  pull)  X  X 

12.  Forming  technlquea  for  thin 

blanks  X 

13.  Effect  of  forming  on  Material 
Properties,  e.g.,  changed 
heat  treat,  stress  corrosion, 

fatigue  life,  etc,  X 


X 

X 

X  X 

X  X 


X  X 


X 


X 


lU.  Determination  of  die  loads 


X 


X 


X 


X 


X 


X 


X 

X 

X 

X 

X 


X 


X 

X 


15.  >luick  blank  placement  and 
release  techniques 


-W3 


16.  Low  cost  dies 


X 


X 
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Fig.  1  Aasembly  for  Exploaive  Forming 


Fig.  2  Effant  of  Valoclty  on  Dotoe  Bulging. 
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Fig.  l3  The  Effect  of  Stand-off  Distance  on  tfrie  Magnitude  and  Distribution  of  Radial  Strains, 
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Fig.  19  The  Effect  of  Stand-off  Distance  on  the  Magnitude  and  Distribution  of  Circumferential 
Strains , 
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Fig.  ?1  :.ightveight  Thin  Shell  Fiber' 
glass  Die. 


Fig.  20  Basic  Die  Configurations. 


Resultant  Crack  Due 
to  Intersection  of 
Reflected  Rarefaction 
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Moving  Compressive  Shock 
Wave  in  Die  Material 


Fig.  22  Corner  Cracks  in  Explosive  Forming  Dies. 


Fig.  23  Conical  Is^cplosive  FPralng  Itool  (Martin  Co.). 
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Fig.  2h  Detonation  of  26.8  Pound  Charge  of  Con®.  A-3  in  Conical  Explosive  Forming  Pool 
(Martin  Co.)  with  Bubble  Curtain  Operating.' 


Fig.  25  Coe  Hundred  and  Twenty  Inch  Dia¬ 
meter  Exploalvely  Formed  2014-0 

Aluminum  DoeMB  (Martin  Co.).  Fig.  26  Full  Scale  r«ro  Segment  Explo¬ 

sively  Formed  Out  of  O.661  Inch 
Thick  22]9-T37  Aluminum  Alloy 
(Ryan  Aeronautical  Co.). 


GOLORIMETRY  AND  RADIQMnW 


Jmes  A.  Skrinson 
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INTRODUCTION 


lliere  are  few  people  today  who  do  not  have  a  general  idea  of  the 
capabilities  of  computers.  Most  people  realize  that  the  digital 
computer  can  handle  large  volunes  of  data  and  reduce  or  analyze  it 
very  rapidly.  However,  one  of  the  difficulties  has  been  in  getting 
data  from  the  laboratory  equipment  and  instnmentation  into  the 
computer  by  an  efficient  and  sometimes  feasible  method.  The  discussion 
here  will  be  how  this  obstacle  can  be  overcome  and  seme  of  its 
applications  to  pyrotechnics. 

Background 

The  major  difficulty  facing  the  data  generator  in  utilizing 
digital  computers  is  getting  the  real-world  ’’analog"  signals,  generated 
as  laboratory  data,  into  the  digital  form  rwpiired  by  computers. 

Usually  the  ireilvidual  »dio  is  generating  a  large  volume  of  data,  is 
the  one  most  interested  in  using  a  computer  for  data  analysis,  however, 
he  also  has  the  greatest  problem  acquiring  his  data  in  a  form  suitable 
for  computer  input. 

Visualize  the  difficulty  and  sources  of  error  in  those  situations 
where  it  is  humanly  possible  to  tabulate  raw  data  in  handwrittwi  form 
or  printed  by  some  automatic  printing  device— the  data  mist  then  be 
key  punched  into  a  card,  paper  tape  or  some  other  form  for  automatic, 
processing. 
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Many  tunes  the  data  may  be  generated  at  such  a  high  rate  that 
recording  by  hand  or  mechanical  printers  is  iaqx)ssible.  In  such  cases 
the  automated  high  speed  data  acquisition  systems  solves  most  problems. 
The  data  can  be  converted  to  digital  form  and  stored  for  canputer  input, 
thereby,  by-passing  the  need  for  time  c<msi»ing  key  punching. 

High  speed  data  acquisition  systems  are  presently  being  produced 
by  several  manufacturers  with  the  capability  of  continually  sampling 
analog  data  50,000  times  per  second  with  better  than  O.lt  definition  and 
storing  the  data  on  digital  magnetic  tape  ready  for  digital  ccn^ter  in¬ 
put.  Such  systems  bridge  the  gap  between  the  real  analog  world  and  that 
of  the  digital  conaxiter. 

The  U.  S.  Naval  Anvnunition  Depot,  Crane,  Indiana  recently  installed 
such  a  data  acquisition  systems  and  the  following  describes  its  capabili¬ 
ties  and  the  applications,  both  present  and  future,  in  the  field  of  pyro¬ 
technic  research. 

System  Description 

The  Crane  system  is  typical  of  most  high  speed  digital  data 
acquisition  systems  with  a  saatll  (of  the  order  of  4,000  meacry  storage 
location)  general  purpose  digital  coiqjuter  acting  to  control  the  various 
input/output  devices. 

These  devices  include:  an  Analog  to  Digital  Converter,  capable  of 
40,000  conversions  or  samplings  of  the  input  signal  per  second,  a  high 
speed  digital  magnetic  tape  allowing  transfer  ^  storage  of  30,000  data 
values  each  second,  an  ASR  33  Teletype  unit  for  c^jcrator  control  and 
vaiit  for  operator  control  and  pawrr  read  and  ptnich  capability  and 
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a  digital  X-Y  plotter  in  the  forra  of  an  oscilloscqje  with  both  axis  and 
the  beam  intensity  controlled  by  the  computer. 

The  system  also  has  a  priority  interrtipt  system  allowing  external 
input  signals  to  coonand  any  prognu  able  function  or  subroutine  inclu¬ 
ding  changing  the  meaning  of  any  or  all  intemipts. 

Applications 

This  system  was  installed  in  a  Spectroscopy  laboratory  where  a 

t 

scanning  spectrometer  generated  analog  data  which  required  saapling  rates  ^ 
as  high  as  12,000  per  second  and  desirable  up  to  30,000  per  second,  over 
period  of  one,  two,  or  three  minutes. 

The  only  feasible  and  economic  means  of  processing  such  large  vo¬ 
lumes  of  data  was  with  digital  conputers  and  the  data  acquisition  sys¬ 
tem  was  necessary  to  acquire  and  store  the  data, 

A  second  application  has  been  in  converting  analog  data  from  the 
NAD  Crane  M\PI  facility  to  digital  magnetic  tape.  On  this  data  the  con¬ 
version,';  were  made  at  a  rate  of  100  per  second  and  the  Ar^log  to  Digital 
Converter  was  externally  coamanded  to  digitize  by  means  of  the  computer 
priority  interrupts. 

It  is  planned  to  pn^raai  the  computer  to  digitize  daU  froi  our 
densitometer  and  then  a  second  program  to  calculate  the  radiant  energy 
distribution  illuminating  the  spectrograph. 

In  applications  of  spectrographic  analysis  the  ccafwter  can  be 
programaed  to  print  out  the  per  cent  concentration  or  parts  per  millicn 
of  elements  being  analyzed  for. 

In  general,  the  data  acquisiticm  system  can  be  used  to  digitize 
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and  store  data  from  any  source  for  reduction  at  a  l^ter  time. 

a 

Use  of  Computers  in  Data  Reduction 

The  coD^juter  syston  designed  to  acquire  data  at  a  high  rate  usually^ 
although  not  necessarily,  does  not  have  sufficient  memory  to  store  large 
programs  and/or  large  amounts  of  data  and  therefore  these  systems  are 
not  capable  of  reducing  large  volune<  of  data  th«t  has  to  be  stored  at 
one  time. 

Usually  the  digital  magnetic  tape  from  these  tape  systems  is  sent 
to  large  memory  machines  where  the  data  is  input  from  the  magnetic  tape 
and  processed. 

To  show  the  capabilities  of  the  large  machine  in  volume  data  reduc¬ 
tion  usage  consider  the  analysis  of  spectral  data  from  the  scanning 
spectrometer. 

Our  program  uses  the  conputer  to  make  both  thfe  wavelength  and  inten- 

% 

sity  calibratiwi  for  the  spectrometer  system  and  then  to  apply  these 
calibration  curves  to  raw  data  generating  spectral  radiant  intensity 
distributions  as  a  function  of  wavelength  for  a  pyroteclaiic  item  or  any 
other  light  or  infra-red  source. 

Wavelength  calibration  is  accomplished  by  scanning  the  emitted 
spectra  of  vapor  lamps  and  having  the  con^wter  locate  these  spectral 
emission  peaks  and  assign  the  appropriate  wavelength.  -Mi«r  several 
points  are  obtained  in  this  wanner  the  CTifutcr  calculates  by  interpo¬ 
lation  and  extrapolation  the  wavelength  associated  with  each 
‘  saiig>Ie  thought  out  the  spectral  region  scanned. 

Figure  1  is  a  digital  display  of  the  daU  obulned  from  a  Hg-Cd  va- 
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por  Figure  2  is  a  display  of  the  wavelength  calibration  against 

the  sanple  points  in  the  data  record. 

The  data  generated  by  the  spectroneter  for  a  NBS  calibrated  "Illu- 
Biinate  A'*  laijp  is  shown  in  Figure  3  vdiiie  Figure  4  depicts  tite  actual 
radiate  energy  distributioi  vs  wavelength  aaitted  by  the  lamp,  as  can 
be  seen  by  centring  these  two  curves  the  response  of  the  ^lectroBeter 
systm  to  radiation  in  the  longer  wavelength  region  or  on  the  right  hand 
side  in  the  graphs  Is  very  law»  decreasing  to  zero  at  the  extrene  right. 

The  actual  system  response  is  determined  by  dividing  the  spectro¬ 
meter  data  output  fox  the  lanqj  into  the  actual  distribution  emitted  by 
that  lan^  at  each  sa-sple  point  across  the  data  record,  A  display  of 
the  system  response  is  shewn  in  Figure  5. 

By  nultiplyii^  the  data  record  from  the  spectrometer,  point  by 
point  by  the  system  response  at  each  respective  point,  the  spectral 
distribution  emitted  by  a  pyrotechnic  item  or  any  other  source  is  ob¬ 
tained.  ' 

The  graph  showing  a  spectroneter  response  to  a  Mk  24  Aircraft 
Parachute  Flare  is  shown  in  Figure  6  while  Figure  7  shews  the  radiant 
energy  disti  ibution  emitted  by  the  flare  deteimined  by  the  method  just 
described. 

Our  spectrometer  will  generate  SO  spectral  distributions  per  second^ 
and  for  eadi  distribution  4,400  mathematical  calculations  are  required 
to  detennine  calibration  and  the  actual  radiant  enetgy  distribution 

I 

emitted ly  the  source..  To  make  these  calculations  by  hand  requires 
approximately  30  man  hours  per  distribution,  Obviously,  a  person  can 
not  detennine  many  spectral  distributions  by  this  method  not  to  mention 
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possible  errors. 

To  perfonn  these  sow  calculations  requires  a  conputer  appraxi> 
■Btely  two  seconds. 

/ 

Additionally,  the  coo^ter  is  programned  to  nxxiify  the  radiant 
energy  distribution  by  the  huaan  eye  response  at  each  wavelength  and 
then  plot  the  Itauncus  radiant  energy  distribution  eadtted  by  the  device. 

Candlepower  is  also  detenined  by  integrating  the  area  under  the 
luninous  intensity  curve  and  is  output  by  the  conqjuter. 

Dominant  Wavelength  and  IHirity  are  deterained  by  multiplying, 
WBvelef^th  by  wavelength,  the  radiant  intensity  distrilwtion  by  the 
three  primary  color  distributions  adopted  by  the  International  Conaissicn 
on  Illtmiination.  The  chromaticity  co-ordinants  are  calculated  from  the 
integrals  tawier  the  three  product  curves,  and  then  plotted  on  a  chroma* 
ticity  diagram  to  detemirte  dominant  wavelength  and  purity.  These 
co-ordinates  may  be  input  to  a  separate  computer  program  which  deter¬ 
mines  domirant  wavelength  and  purity  eliminating  the  process  of  plotting 
the  data  on  a  chromaticity  diagram. 
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